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ABST.RACT 
I 
~ . -A :l~ser heat·ing .. tec~nique= together with. conve~tional ·heating has 
been ·1:1!5ed. ·to extend· the range of kinetic studies of recrystallization 
. .· 
. ) . . . . .· . . 0 of. 40% cold worked 70-: 30 Brass -in- :th_e ·te.mpe:ratu_r~ range of 250 C to 
··.67.0~c.· :a:nd time ra~ge ·of 106 s·econds to 10--2 :seco;nc.i"s_.: The coherent 
rad·1·a.tioti of a pu1s¢d_ ::ruby lase.r heated thin spe.cirnens (0.002"). at a 
:t8rte of 1,06QC/sec. He-:H20 vapor quenching produ¢¢d quench ratef, pf 
1059c/sec. Quantitative metall.c;ig·raphy and microhardness rneasu.r·ernen.ts.. 
we;~~ .us··ed to follow ,fe.c.rystall:tzati.on k:inetics. 
:t:h~ i.s.othe-rnta1. ·~n.al.ys:~s of· the. :kin.et·t-c :data·: indicate: ··t:·ha_t·: .the 
-~ 
--'). 
1 - exp (-at:n) 
·the: tem·p.erat1fre. o~-pe.ndence- of a was found -to be· . 
.. ,1s . c· . . .1 > a:·= 7 a·7 x· 1.0 exp ·-60, 340 RT 
T:1:ie· analys:-fs bf~ ki:.netic :data o'.lJ.. =grain .. boundary mcYt:io·n t.nd·-fcate:d· 
· time of .appealfrtg:, t .. i ·wtth the re:t~.tionship 
!· 
G -
2 . 29 :x: 10~·2 
t 
-
-1 
:.-~ . 
..... ~,- -----~--·· 
----- .. --- .. _ - - . ·- .... ·-
----------------
8 . . 
. G = 1.58 x 10 -~xp (-35,217/RT) 
. . 
... 
The microhardne.ss d~ta indicated tha·t. recovery- :pro .. c·esse.s Pt~ce.de· 
-
ricrystallization at lO\\' t:~mperatures wherea:s at h.i.g:h· ·t.eiriper-at.u:re·s and. 
·. "" 
-,: .. 
•·. 
·• 
·-·· ·-. 
-·· 
.cii.--... 
.. . . . "· , .. ~ . 
-7 
. . 
·' 
/ 
.. 
-
---·-· 
1---.:_: 
·I 
- I , , 
ABSTRACT (cont.) 
2.29 X 10-·2 
with the relationship G = t and its temperature dependence can be 
expressed as G = 1.58 x ·108 exp(-35,247/~T). 
The microhardness data indicated that recovery processes precede recrystalliza-tion at low temperatures whereas at high temperatures and high heating rates the recovery processes ~ust be, c·oncurrent with recrystallization. 
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p I INrOODUCTION 
J • 
:';Ul·is tnt'..rodtipt_:Lon·: ls divided into three SeGt:ions. •· The first 
... s.e:ction, qt.s·cusses l·ase..:r technology ,related to matertaltS work-ing in ,• 
g:eneral, -~iid. :recrysta·1.1.ization experiments iri :particular. The s.e.cond, 
~:~:ctton. :dea1s with lite.·rat:ure pertinent to· recrystallization. :~xpe·ri..,;. 
me-rtt~: ~o:t this investigatio.n., .T:O:e- obj~etive :o;f t-tiij· thesis f~ · p:resent·ed 
·fn .. the third sectiono 
;L... Lase.r Techno1o.g·y 
.t~~·¢.-:r i.s. ·:an a<;.;r;pnym. ·f·or l~Lg-h:l> amplification. by st-imulated .eriil$$.io.n. 
' 
. tif ·r.adi.atittni. lt is :an ex·-:t~n$,iQ:n of :masers (mic·rowav.e.: -.arnplif icatJ~on 0 
by sttmu1·ated. ~miss.ion :o:f· ra_d:i~t.ion) in:to the optical range.. Deta:iJ:ed 
th·eo-ry and prirtc:i..p.;Ies= :o·f solid state as well as gas lasers a~e dis;_ 
d . . . . 1 a· . • 1· . . bo k . h -:· f 1· . ( l) A cusse .. ·in. a~p. e _e·ta:1=. ·1n text o s o_n p ysics o .. c1~ers -~ · .. 
. , . bJ-:t~:f :d·esq1:·jpt .. io:n ,.o:f.: (he principles· un?.erlying t"he operation. o"f piuls~ct.· 
I r:qp)1· .f.as:ers ·as ·w¢11 as the P.roperties .oJ· tlie ra;d,ia.tio·.n ·:ts. g;.i·ven he-.~¢•: 
(ap.p'roxim·a-tel:.y O". 05%) of ~Ir2o3 • The ac:t=t:-ve- ·eie.men=t$ pr~.sent. are 
. +3 
"'--- ( ":~_hromi.c .ion·s ·(er .. ) Wh.icl\ are~sub_stitJ1:t,-io·nal.ly- dfs:splved. t.o :repla~t 
. ·. +3 ' 
.s . cinie of the Al · ions . 
-----· ....... ------ -----------.__._...--...-.-~--
--
-------~------'"' -
__....JL.) ___ --fl.--P-QUITITT~yrafige ,-1tabsorbs the energy--~V~·;·-~ ··b;~-~d~~pectral band • 
. 
The chrornic ions are excit~.d. ·to a ~ig)ie_r energy _level as showx:i -b.y· . 
-~ 
.. ,, 
t_"ransition. from ground, level to- broad. :b.ap.d: no. 3· i-n Fig_u·re 1. Thes·e 
. __ ..; ·~-· .. .;~·. I\._ .. . • • ~:--, .'!"'• 
···-excitea··1ons malie transitibn to a ·:sharp ·tnt.e'rme-diate _1~1 number·· 2: 
-~ 
,I) .. 
.. ... 
. -- ... 
·. ·s.· •. ____ :_ -~--· ;...__ -·•·-'--· ... _ .. --••. - .... !_ .. ----- • ". - "11·' 
... ·.· .. . . 
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,·· 
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. · ... •, 1<11"' 
:_ 
• 
:v-f. 
~ 
·:by a fast, non ..... radiative decay. This is fo·llowed by spontan~ous 
return to ground state (number 1 in Figure 1)". When the exciting 
radi.ation is grE3at.er in int..ens:ity than .~so called threshold int~nsity, 
H is possiblt3 ti;) /btain Jli()~e ions at. level 2 than are le:i:t at lev.el l.. ' 
.•' I w 
lf the spontaneo-u,.sly :emitted·· p"hoton inipi.rig¢s on an ion· l.Jl the hi'g.h·e,r 
energy leve I,. t.he io:µ_ .cijn. be· s·t:.iµiµJat.ed to emit and. the emitt:~cl, 
radiation wi.i:1- ~e o.f the same freque::gcy and -in: ·Ph.~·~e· :w1th ·Stimu1·~t·-in~· 
~ radiation. . 
' ' . 
·Thus 
. . . .. ' li.ght t:ravf.31ing thrt,>ugh ·the :cr.y;st~l le ·amp:lif i~d .. 
. '.[f ·.p1:·a.~~·· ·parallel. mi,rro:rs :are· pl-ace-d· at ·the ·~.hds·· o:f', :a .cy'iiriclrical 
.c .. ryst,al, ·1th~.- light tr~v..~.ling·. ·para1.1e1 to· t·he ~d ... ~ o.f the cylinder 
:w:tJ.1 ·o·s.·cillate· ·b:a.ck ·axtd: fott:h .. be·twe.en ·the two ·Iilit·to..rs.. Ouring ea.ch 
·.eou.s. ·r·adt·a.t:ion •.. in· ·tlT:i:s. w~ the.~ .. intens·.ity :o:f· I.ight.' is S:µ.¢.ce$slvflY 
a:1np1i:fled •. t:f· .<Jne ntirrqr is o.nly P.~ .. r.t.iall.y r~t:1-~.-ctive·, ·th¢ .Qs.cilla:t.-
ing 1.i'ght rea·ches a. certafn. le:vel of iri'tensft·y at. wllich. it ·emerg~$ 
.through t"t:1~ par'tial:ly reflect ±:11:g mi.r.ro.r-a ·Th.~ result ln~: in.t.:en·s.lty 
o.:f p.ulsed _rµ])y .. la·ser ·r~ct.Ia-tio:n :C~n vary ·f rorrt ·t.ob watt,s·/·c;m~ ·to 10.7 
wJ1t·t-s./ cm2 dep·¢nding. ·on p~Jse leng·t}:l,, fo:.cusing , etc. 
1 .• :.2 .Qptic~l .. Characteristic·s o:f° :L.aser Radiation 
The· ·US.¢f-ulness: ·Qf lase.r f:~ldiat.:ion is in its following .pro:pe·:rt:1¢.s: 
. 
. ~': 
·-·· ( i) coherence 
.. 
. --~4--- -····---- .... -~------:~-- --:- --: . ,---~··,'""".""··"'.+-:- - ··---·-- -•· _____ ....., ___...____,,_ ... ,-,-~-~~ ·------.. ·------. ----.-{-±±t·- -~mo:nocllromat ic i t·y. 
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(iii) directionalitj 
• 
. ···.:. 
--· ' ....... 
j --·· ... .... ~ -- _..._;,. ........... - :- •.. :_:- -~ .. ·. :, . .. -· ~'i . ... -~ -..... - -· 
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.. r 
.· 
- , 
i .,.,:. ,. 1,.i·, 
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. 1 
-~·:' 
?:· 
. .., 
'th~ a.ngl.e · ~f dive r.gence > (}. Js gJven by 
9 
( 2) It 1.22 X · 
a· 
. ' 
.. f., '· .. 
X ,-:· wav.e:le1Jgth ,of the radiation (0.6943 mic.ro.ri.s) 
p 
a - apert·u·r.e ( i11 .111-Icrons) 
-( 1) 
Th.e major portion .of output: .of a: lasE=Yt e.merges· oiit. ,o··f :a small 
~perture around the longitudinal axis of the ruby rbd,. : The typi·cal 
·value of laser beam ape.r1fi.rr~: ts·, appi~o,:ximately ·s.oo. ,f;t) ·:i.fooo m:ic.rons. 
For the maximum d.iVE3-:fg~nce\ .. as'Sll1Il:iilg a 
1 .• 22 x. 0.-694:3 
:- .1• 
:50.0· X 
5QO· rn·icrons 
180 
--~ lo 
7r 
l.~·: .Appl.i.cations of Laser·s: to Mater:ials· Worktng 
(2) 
'f-he ~~f.fe.ct of laser radiati.oh on .mater:ial h~s ·b~.~n ;s.tud:·ted, f .. rom. ,,. 
t'h·e '.f o.llo·w.±ng <;lifferent aspects:·: 
Th-ennio:nic emisSi6-ri(·3 , .. ·4 , ~·, 6). · .. ·. ·.. . 
- . . 
-· . . ' .. - .. 
.. 
l • 
·2:. S\.trf:ace damage 
. . .:--·---:-· ·- - --- - -: - - -:- '':'"".':' .. ~· . - . - ·:·: - . 
..· 
~: 
:( 
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•. . 
.,_ . 
. . .; .. 
·- . ( 8) 
erack1ng 
·- ---·· __ __.:___:....._. .____......__.... ........ 
., 
.~_=.. Electric: field effect C3) 
a ci fte.ld: emtssion ef feet 
- - ;.;. ,~ _ . ._, 
·--" - - . -·". . ~-· .... . -· ··---· _.: ·., - ·-· .. ·-· . ....... . . 
.. : .,• ,, - ..... - -· .., __ ._. - ~- -· -· . 
bo ·Schtlttky ef feet· 
:. --.....-.·· - ... ~ . Hf· .. , ··-·· ·-: ... : -· : __ ..:.._ .... ·-· : .. .. ·-. - ...,.._., ,_ .... ~ . ,. -., 
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,- ·, 
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_/r O • 
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4. · Photoelectr{i._c: e·:(f:ect 
''. 
,~·-. .,. .... . 
! - a. sin:gle _photon effect 
.. ho two pho,to,n effect 
"" 
. . 
_..,. 5. .. (9) Melting, ev~:p(, rat ion:_, voI_11,ro~: e:xp:ul.sion 
-· 
6. V 1 1- ~- h- ·· ~ f t_'_-_-h_- __ 1.·_n_-- f1·1·ms(lO,li)· . o ume remova : 1.n _mac 11t1ng: -q· _: 
...... 
. .. 
. . 
. 
-· 
-TIJe: :abo.v.e ap·ptic·atto.-ns- i1re: b_as·ed on the :f·act that. a Jocu·s¢d be.am. 
-·. "6 - -'lO· .of-: -the prei3"ent day r·as.e·r·· has. energy d·en:s_ity o·f_ th~ order of- .10 · -'- -l.O 
'Wa.t-ts/cm2 -~_lien ._operated i_n_. pulsed an:d ·.Q·--s_w __ i;'tched .. moqes ., ln· mo·-st of 
the ~t;>ove ·mentioped ~ppl ic:a·t:io:nS _, the· ma't;e-:rJa.1 ·ts melted and/or 
tr'-
·The-se ·app-Iica.tion_s (:lo. :not ·re:qutre <1c.·curate heating rates 
... evaporated. ~
---
-- .. 
-.. /' . 
_and/:o.r qµ~:ncli.ing. rate' ... Also,, a w.id¢- :b'ange· of· .e·ne:t.gy absorpt.io.rt w;ith~ 
~ 
./ 
.mine thg amount :_o.f ~ne-rgy absorbed: with'in. t_pe· mat.e:rial are: 
·· 1. :Surface:: cond-itJ:on ·and prc.-, __ pert-ies· (o·p-t-ic~l)' 
.2·. 'Thickness of the· mat:e·rial 
:3_. .The rrnodynamic ;p rq:p~::rt.i~s-
-~ 
' 
:~1.tde.red-· to- 'Qe, in the f<Yrm Of 1 igh t and th·is i:11. t:u.:rn ts co:tiVt=frt~.d::' to~- > 
01Yaq·u·e. materials) o 
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The use of lasers can be extended because of the f:act that 'heat--
-: .. . .. 
- ' 
. i:-:r:1:g _:rates as h:hgh as 106 0 c/sec(lS) are achie~able with pu"lsed rub_y·· ... 
.. ' l.a.se_r radi-ation ... -.~ 
_Fi_gure: 2' ~-h..qw_s: ~h~ _.c;omparison of· .heating rates· -:w·-1-t:h ~-- - .. ,;,,,, .; ,• ., --- - _., ...... - - . ·. .. .; . .:. --
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.. d).f:terent hEfatfng .methodS. ( l G) . I It eanbe seen that with laser.radia-
t.fo:il: it. is ... possible_·. to introduce se>lld state transtonnations which ( 
·· ~an take place in .extreme short time at elevated temperature. These 
·t'"ransfonnatio;ns w:itl p.ro·dµce structural ~n;d. :propert·y chan_g_e_s within 
highly locali-z-ed a~e·as. 
,tl' 
adapt to a w:td·e variet_y· of· ·.materials and to many kinds o-f ·splid ... sta}t~ 
trans f Q.rrnat io·ns:: (e\g.·o re·c·ry.s tal.l iz at ion, mart·e.ns ft>ic ··t,ransfo.·rn.utt ions. 
J .. n steels, ·orde.r-::diso:rder t·ransfonnati.ons in metal.-.$ such .as, ·gqld, 
magnetic trans·forrna:tiJ>ns .in Fe:Nt a..lloys-) •. 'the t.ech.11.:ique. :can als·o. be. 
used to study the~ 'kit1e.tl·:c:s of· :solid st:a.t.e transformat.ion$ tn t:he r·ang.¢· 
of. ext:rem.e.,1y· sho .. tt times a~c.l- :ve.ry high temferature.. Th.e laS'e:t beating 
system can- b.e coupl.et:l w.ith ·a qqe_riching. system wh·ich :wti41;d pro-v_iqe sub-
s¢.q1.1e::nt quen·cbing ·_of tile $pecimen .. w·i·t·h. ·a cool-~µg ·ra't.e .o,;f .to4 0 c./s·eG ··:. 
-. · 5 o ;·· 
. 
to 10 · ~ c· sec. Because-: of .s;uch: ext:~em~ly· .rapic1 Jie·ati.ng and co.oling·· 
\ 
, 
_.;..;,..-.. _: .. _.:- .... -:-. ...:...-....:...---
·to .. rma.tio.ns ~ :T_h.~ eq.qipiij~ht -a.nd -i;·.he t-echn:iq·µe :are .descLrlb.ed .i"n g;rea:t.~r 
:de·ta.fl iri. t:he. cpapter ·on experiment.al proced\tre .• 
' 1 •. Ji -1,imltatfons in Applying Lasers to Materials Studies 
. 
. 
-
- . ~ 
. 
.. 
so-me of the difficulties associate_Q_ __ ~_J, th __ a~-~ .laser.-mat.e-ria-l---- -----~-----~ .. -:--~-- · __ _,,..----·----· ..... -----------· ---------
- ----- ---- --· - - -
' 
·-·--~~---······ 
~--·-.. -~---wo.rking-pro-ee-s-s- ane ... -spe-ctftcally where accurate control of temperature 
is r~quired are discussed here • 
. A. Sp~cimen Ref_lectivity: The most: ·s;igi'1ific·ant problem with using 
the laser as a tool for materials wo:rklrtg is the fact that different 
·, 
- . - - .......... ~ 
\ 
-- ..... ~- --- . ~ .... - .,.- .. ~·- .......,; _.., ··-' .... ;. -
~ • ,-. ~- - - .... .. - -- .. ·- . . .• .. .. • '·'' - ......... .. . • -
--- • ! ....... · ..•. -
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;~,.,· 
·· . 
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.. 
. •· 
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. ' .~ . 
·!.'. 
materials have different reflectivity for ruby light (6943 i). Most • 
metals and semiconductors are highly reflective -t;o 'this wavelength 
·-t 
A 
and thus amount of energy ab~orbed into the material is extremely 
small. 'rhe ~:ttectivity for the same,,,. ma~erial may also vary ,trom 
specimen ·to: :spe.ci.~e..n. depending on the surf ace condition,. etc. Table: t= 
li:sts. refl~ctivity .{\qr a few materi.als. 
B.... T:he energy diStribtitlQn. wi.thin a la~e.r be:a'ril is: co"nsi.dered ·to..· :J.:>e· 
.. '·. (17) Gaussian. The. nonunif()rrillty of t.11:e. e.n~rgy i.n¢fe:~e$· with. :fo.cµsing·., 
-::.··· . to have a def cicused b¢.am •. 
.materials. ;i ·It ;c~ij.. be .seen t'h.at ·copper and. ·its. al-loys are· the ::most 
with 1a·ser r'a·ct·ta·t ion. ·ctue:· ·to the.±.r ,•. . .. . . , • • . C •• . • • , , .• ' • J 
b·i.gh· copdu¢t.iv1t.y a~d ~liffusivity·.. ·A$· ment-1q11ecl in one of: the ·fo1·10.w-
... 
,s:pec:.irriens have' 1>f?. be designed .S.O· as. to· ·.m~k,;:r one dime·ns ional heat 
.. •'. · . ·. (18) face regions· qf lO.W' the·rm~l co .. nductiyity.. T~hi.s.· pro.b,lem :rs. not ·too 
, severe fo·r met.al.lie mate'rlais: which exh.ibit high th~rnial ·co.nau:ot·iv.ity.~ 
- . 
E. Efficiency of Las~r:· Figure 12 gi~es the plot of input vs. out~ 
F. The lase-r radiatio~1 is extremely int.~nse··a·nd thus i-njurtous to 
. ~--
. 
. . , 
. . 
. . . 
eyes. Thus, it bec.omes ··necessary to cotnpte·tely .. sh.t~l.'d the eq.uipment·. ~· 
' 
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:2. Review of Lit~rat,ure (Recrystallization) 
.. 
,. 
' 
.. Recrystallization is most frequently· defined as t·he nucleation ,,. 
• 
Q and growth of strain free grains out of the matrix of cold worked ~ (19) 
·. ~'. 
..~.~ metal •. Thus, in the process·o'f pri*a.ry recrystallization, new 
grains nucle.ate at .some ·prefe:rr,ed, -site.s in t_he defonned material . -- ,, . 
and grqw a.t: the.: exp~11se ·of the ·qef:o:·:r;mE!d: m·at.ri~: :·un.til the ent'i.re matrix 
i~- COnS.l.:lJil~<f, :rn:arktn.g: the: end Q.f ·pr:l·ma,ry :tec-rystall"iz:ation .• Cahn <20> 
exper,i,n~nts :in ·a Set. :Of eight; r{iles. The :i.Iifq:fmat:iO.·Il av·a.Jla:ble i.n 
·(.b) Mechanism$ to-r nucleatto:n 
(c) Motion of. grain b.ound~-r~¢.$ 
( i) Theory· .o·{ :n.ic>t io:-n :and ,r.n¢·chanisrt1s 
:(ii) .· Ef!e:c·t oif .. 1.mp.urities; 0·11 g·ra,in. ·bo:u11..d~r:Y· mot.ioti 
;. c·,~:1)· ·:Overall :1~.ec-rystal1.i-za'tion k:fnet) .. cs 
( t)· 
(. i'" )' 
. : .. -~· 
(:i.if) Pte,dtc·tions of mechanisms based :on iso.therrnal, 
..,. 
,·\ 
·\ 
'I " 
,, •. _,.L,.•,• 
i . 
recrystallization kinetics~- . -~ ______ __,......------ .. --- ---.-~--
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• process 
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~ (f) Textures ~ 
,.. 
. Each q'f/ these areas is briefly discussed • the followlng· lll 
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paragraphs. 
(a). Stored Energy of Cold Work. 
·The st·ored energy of a mate.r_ial can "be inc~eased by( 20) plastic 
.de.fo.rmation, radiation damage, quenching and pha_se transformation. 
The stored energy .. introduced by cold work is of major importance in 
.• 
't.hat it produc~s the d_riving for :recry,stallization. Energy is stored 
primarily at imperfections such ,as: d.i._~J.ocations, po·int defects, stack-
ing faults,- twin bands, which ate _generated by .¢·old wo:rk. The work 
hardened state as well as s~ryey.$ o·f' e:xpert.menl~l wo.rk to .. date have 
('. j \. . . (22) .recentJy b·een revlewe(l by -B)trn·:e 21 ·and .Basin~kt· ~nd -Basinski. · · · • 
:-~ 
';rh.e. :following me:chan.isms ha,1:e· ·p~~n- p:ropo.s:ed t_.0 1 ¢~:.'pl.a-in the· 
p.·roces::s. of. 'recr:ysta11-Jzat.iori:_: 
C.J.~sfsioal N-uc:le~tlo.n ;Mode.1: The· 'rno·del postulaf:~:s: t:he 
-:'\· 
n·:U:C1ei. The thermodynamic: S:t'ability of. :the embryo depends 
on the balance betw~.e-n t.h·e su-tfa..ce. en.ergy ·-wh-1.q·h accompanies 
the development of. an- e.·nrbryo :and. t·-h..~::- v9T.um.e ·.f.ree enefr~y 
-Burke an·d. Turnbull {23) have . . . . - . . . . . . . . . . . . . . . 
:ap-_;;i-l_yze:d_ t:hfs mocl~ l. Mathemat:i¢'tt1).y·· t·hts: is ex·presse .. d \ 
as F · 4r2 • dr ~- -Y •· S'r • d:r. (3} 
I 
- I 
'" .. 
'.f 
. <'1 
'·· 
.. --~--..... ·--- ---- --"'." 
--·-·---· .-- ~ ... -------- --
. The expres~ion equates the ch~g~-~---of V?~um~ __ and __ surf-ace ... _ .. _____ _ 
---· -- ~- --
-
-~ ______ .., __ _ 
- ·- - - • . -·. "';II, •. • . ...,:. .-- . .. ~ . --- . ~ .. 
- ;, .· - ·-· 
. . ...... , ..... . .:; . - . - - - - .... ·r ,.,, 
energy for .a small radius increment of the embryo'.~ 
""' 
·F-'· == f:ree energy gained per unit vo·-1ume. 
r - radius of the " " embryo 
...... . .. ---- .. 
. 
- ~ .. '..~ . .:: .. ;; ,.:.: ..... ·---"' ---·· ·-·· __ .., __ _ ···-· ·.-.:.:.·.,.:~·o11·~~ ·. _ .. _ . ;. .. ~ . ..;.... -~-; .... ·. ~·..: ·~ ·.. ·- --· - . -· __ .. _.. ~ . . .:._; .; .. -~.- ... 
.. . 
(' 
, . 
.. 
------,---·--~-·· 
'ii, 
.. 
/· 
.. . ,: 
11 
-y: = specific boundary energy of interface. between · ir 
' 
nucleus and· matPix 
" 
------------
--\f1-}-·----·-P · . rmed Nucleus Model: This model proposes the concept 
:_(-j;'v) 
·t.ha.t- in some materials nucleii :int.1st form as a direct result 
:of rearrangement of -irnperfectiona· induced by cold work 
. . 
.ci:ti:rf~g_ the re.cove_ry which precedes· nucleation. Thus this 
·fs. :d-i.fferent from the· firs,t· ,me.c:hanism in· that the nucleii 
\J. 
ar.e not fonned at random bµt -a;re· f°:o:rmed ,· at preferrential 
~.:i.tes. The complex, cold' wo·rke:d·,. ·d1:s:10:cl1;ti.on :structure 
be.comei.J· less unifonn dtirlng. _a-nneali~g .. ,. Th'.e model assumes . 
. . 
~h~t ~lat_:ively ,d-i'sloc·rft;'ipn free. ·:cells· fo.nn and are 
:bo_unded by· }ow: -~ng_:le di's.loc·atJo:11 Ii~tworks·. When any ·ce:ii 
.angl.~ bo:undary, ·the ht>Qnd~r.y migrates rrlpi(lJ.y .and' in.i.t.iat·es 
recrystallizat.ion·~-
~et~.ls whi'ch would produ.ce: -~ nucleus: bo.~n_d.ed J:>y hig_h: ang_.J:¢· 
...) bo-und.~ry a·nd has been · d{s·G:l.J.~~e_d ~by Verb~aak(.24 ,:2-5)·:. 
l3ulge :Nucleation ( 2 G): This ·mo·del proposes .b:u1·g·1.ng· :of gt.ain· 
:t>o·_uri.dary between two grains which have a difference in r . 
-.. 
dislocation density into the grain with large_r __ d.islocation--------
._..,..,...,.,..-..... . -- . -. -·---- --- --
-- - ·--· .. -- ---~--- -·~~ -- . -· . . - -.-- --ae-ns±ty-.- -·Thus--a-nucleus is forinEfd ~-- -This-· is- 1dent-ica.l to 
·• 
... . ,. . . .. 
- ·- ... 
' . 
· ~ strain induced boundary migra~_ion described by Beck and 
Sperry< 27). 
.. 
. '·· ..... . - . ~ . : :.~ ... . .. 
. . 
• 1., ., . 
I 
I 
.. 
~. ' ' . . . . 
' 
' ' 
• 
' • j ~ • ' • -· ' -:- •• ,, '" • • ' • '. • 
~-
.:·-.,. 
(' . J 
-- - ---·- --.- ..... 
.,· 
-~ _.,._ :• 12 ·----;__~ ii 
<'c) Motion, of Grain Boµndaries 
A formal theory of grain boundary migration was proposed by. 
(28) · ,, 
Turnbull _. • He obtains the equation 
G - e>.(kT/h)(i'/RT) exp[(.::\SA)c/R]exp [-~/RT] 
:wh.ere G = Grain boundary motion rate 
e = Base of natural logarithm 
X = Thickness of the boundary 
.k ,:= Boltzmann's consta~t. 
·T ·= Temperature 
~ ·= Free energy difference (p.e:.r .gm·.~atom).: betw.ee1:r two 
sides of. the: boundary-' 
.R = U·nivers··al cOC>nst.ant 
-~·.SA.>·o -= .-::Eint·ropy .o-f activation 
.Qt;. -·.· .~ea$·u.red activation .erte~gy o.f ·the: ,gra:tn:. :bo.undary, 
·Mo·re. :-sim:ply G can be written as 
exp(-Q/RT) 
1, 
(4) . 
l 
.(5) 
. . .. -.. 
·1.the ~:hove. eq:uation was derived on the bas·is o·-f :abso.l_tf~-e ·reaction rate 
.a.nd it also P..:r.esupposes th.a.t. :the mechanism of· motion of grain boundary 
consists of transfer of atoms individually across-. the boundary. The 
calculations do not take into acco.unt the 0ef feet -of i-mpurit.tes. :Stn,ce 
the grain boundary is a transition region, where atom:;· do ng:t ·ftt 
. .; 
.... 
;} 
•j 
,. 
. ·------"--......;.,.--·-· --~'--··--- ... - -··-- - --· -- . -·· ------·-·-·•'-to.gefli.er very we1-i-,-i--t-· _pi_a __ y_b_e--1--0-0--.kr--e-::--a-.---u-·pon as regio:ri. cqntairiing excess 
vacancies. 
interchange. 
The boundary is thought to move by means of: an ato·m-y·a_canpy 
The activation energy of boundary rnig;ration would in this 
1',, .. 
case be.roughly equal to the.a~tivation energy for the moti~n of 
I ' 
--
-· ·,,..-•" .. ·.--- ... 
----------~ .. . ... . . 
~--,----------~-----------------------------
.. 
~ ·- :_:. -
.t-4; 
""''" •1 ~, I 
. ... .':,. ,- ~ -.-... ,, 
- .. --8 . 
, •.. • .• - . ··-' ... - ; 'i •-·- . - - ~I - - •:.J :·. .., ,c• .•. - ,-~- .. ::,::.':.·:', ' , 
·• 
:. .. ':'. 
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... 
vacancies in the boundary and should- approximate th·at for boundary 
self diffusion <29>. When the· single'*: process the_ocy of bou~dary · · 
migration gives reasonable agreement with experiment;· ·th.e. ac.t·ivation-.. 
, energies of boundary migration are. µIUC!h less than tn~se of· lat-.ti·ce· 
. . 
. 
self-diffusion. Another theory advanced by Mott' 30) a.Ssiimes tJiS:t 
.. · 
the atoms are activated as groups during the- transf:e·.r ac·ross a 
boundary. Th . . kn " . . . .. ,, t·n·· ..... . is is own· as group proc~J~·_:3, · :_E:39.-·,:y- •. :According to 
t-his· t'h¢ory, G is given by 
G- ··-- e ~ (ltT/L)(N&/RT) exp [ Q ~ · r· QG J RTm J exp - RT 
= Number of atoms involved :in g:roup 
--· ·NL : ___ ':.· 
L 
{·-GJ, 
r)._ 
and ,rema_.:inirig: $ymbo·Is. are- same ,~is·. :Jz.i: -.eg.u~-tio-n· (4:)._. The.·s.e. ·t-heo·ries· . . 
--- ··_ · · - · · · ·, b L. ·· ·k -a·---n·d·-·_-- -s·.-·t __ -·u·_-w_··e· -_(~-l) ·have bee·11 discussed in. con·s-:ide.-_r,able: .de.tails _ y- uc ~:: 
· (32) 
and: by Aust andt:-Rutter · • 
Impurities play a· ve·ry sig11;i_f:·Jh?,l).t :ro1t:?:""'1rt. :grai:n: bo·u.ndary 
. , 
--migration. Th-is is not taken: ·care o:f i11 ·fhe. single proces:·s :t·heo,ry 
by Turnbull. -The quant:y't-a·tiv.~ theoret':ical explanation- ,was ·ft.rst 
fonnulated by ,L.u.c-ke and riet·ert_C33,). Grain boundary is an energy 
:-:-·1 
-·,s. 
,.. 
sink for impurity atoms. When this grain b~undacy_ with ... i.!llpuri.ts-------,--__,,....,-·--------·, ---- --·-···-- --------------+------------- ---- .. 
_ .. 
. -·· .. -· -----.., •- . . ...... -· . 
. -·. - ... _c-.....,. -··- . atoms is caused to move~-t'he· impurify ·a·tmosphere creates a drag that, 
if not overcome by the driving force, compels t9e) boundary to carry 
// -( 
the impurity atmosphere along with it. lf the driving force is large ~ ~ 
enough (happens for low in1p'urity - concent·ration'l and/or at high 
\"' 
(-
/ --
,,. ... _-
-
! 
•. 
.,. -
. ' -· ... ' ; - .. ~ -· 
.. -;:.,.:: ----· 
' ... ~ .. ,. .... ,.., 
... 
,,.,· 
:.t. 
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.. 
.. temperatu.re .. ~J·, th·e boundary breaks away f·rom t~e ·±..mp·u-rit:y ·atmosphere. 
·. . Thus in such cases ttie experimental ob.servatton· o.f: )1otivation energy 
would more ·closely resemble the predi.-et:~c>"n o.f· s.ing.le process theory 
(i.e. , the activation energy .will be. ap.prq~fn:r~t~ly equal to that of 
grain ·bound~ry self diffust·on) ·· 
>. 
,., ._.,-... 
. JJ.z·atioft process :has ·been de~cribe·d by: 'tfl~ clas.s:ic.aI. A.rrhe)1iu:s 
re.l ationship namely 
·• ( - R-~ ) rate a exp ,i 
T - ,Absolute t~m.peratur:e 
- r--:-: 
V R - :universal constant 
.. . .·. . . . . .. . . 
,'t'· 
·Thus. tinte fq_.r· ·de.f lntte. a~oun·t .-c>f vo·lume ... r~p.ry:~ttalltzed .c•art: DE;! 
gt.v~n by 
t.. f --= A ~xp ( Q/RT) 
Tem;per:a:,tupe dependence of ,_ .. ecrystallizati<;>:n ~rid ac .. t·~v.ation· ~r:i.(:frg·y fo·.r 
the p·.ro.cess h,ay·~ b.e.en .s.tud:ied for zone refineq aluminum alloy With. 
,:e· 0 008 . t t . . . · (a4) h.· t k d · 1· · · · ( 35 ) d 
.· ..•. · ...... w . :Pe:rc·e·1.1.. :co.:ppe·r· , · .o wor e s1 icon iron , an· .. m·~11:y 
other ma.te rials. 
(ti) Isothennal kiheties of rec-rystallization: The theo:petical 
. ' . . . 
- ---- ---;------.--. ~ - ~-- --- -· - .. .. --- -------·· - ··---· - -····--·--- ---- .--------~ . - ' -.-: .:·-·-·------ ---- --·------- -·- ·- .. ' 
- --- "' - - --~ ... __ -,.--·:-. 
·I : ... 
··,· 
treatment of the isothennal recrys_ta~_!iza1;i9.p. ~inetic.s., poatulates----------
~--- -- -- - ---- -- ..--,.~ -· --·- - . ·- - . - - -- - .. _ - . 
that Lhese data '1nust c)boy an equation of th~ kind. 
... 
[-atll] f = 1 - exp 
.where· ·f -- Volume fr-action ~ec.nrs.tallized 
.,. 
J 
(:9) 
--~ ~ .. ~.·:.-\.. -...- --
:j\ 
·' j: :.~ ~· ; ,, 
,-
·V . 
. 1-5: 
• 
.,, 
.-a =· Constant 
n = Constant 
· The above relatiori'ship was derived· by Avrami ( 3G). Isothennal 
.recrystallization k'inetics have been studied for aluml:hum manganese 
. ''•. .. .. ( 37) . . . :) ' · ( 38) :~JI9_y 3003 and ·:alum·inum copper alloys . It h.as been found t~~t-
·n is·· ·reasonably c.onstant for diffe-rent temperatures where as a. fs. a 
f.·.unction of tepiperature since it· includes such te~pera.t)1r.e .d:ependent 
tenns as nu.cle·a-tion rate and growth :rat.e .~tc., 
( ... ') 11'1 .· 1:l.redict.ion of mechanism: o·f.: r.e.c:cy$ta:1Iiz.ation b~i-sed on the· 
isothermal kirteti.cs: Cahn< 39> treats this Sl.lbject rather extensively 
and gi:ves ·equ·a.tioI1$: fc:>:r. sol.id st-ate nucleation :ahcf ifrow.t-11 _p<rocesse:s_ 
Jn g:eneraJ·. ·This explanation ·~:giv-es means to interpre-t.atic;-.:n· :o:r· bo-t:h: 
:11 c;l.nd. a i.n ._equation (9). He shows that in th-re.e "dimen·s-io;n.ai, $am.pl.es-t, • . 
.<:±~··e·.,, ·wh.e);~. the grain size of the transforme<:l'. -.mat.et".ial is .consider:ab~y· 
·smaller: than :the smallest dimension of the $~pl.el if' n;::-2_ over an 
·' a·p.p:teciable range of f ·t~en 1.t. can .be con,cluded tha.t ·tJi;e r_e.act:ion. 
fs: ed·g~ nucleated ·and· site .. s:-i:1turate·<;1,.. _It also implies· th.at.. the: 
t-ra;o._·s.tdrmat:J.p·ri. ·proceeds by two-dimens·:i.op.aJ ·g:1xiwth. :O.t .n.ucle.i .ou·frwar.d 
.fro,m the· g:rain edges. Thus for two-dimensional growth. t-ti:~:. :s_l6pe ot·· 
the }:).lot .of log [ ln ( l~f ) J vs log (time) must be apPJ'OXimately 2. 
·(e) S.'inc·e recrystallization is. accompanied by certain property changes, 
~ .. 
:.-. 
·- ·-----· ..----- - - - ---· -- --- -the experimental observat-1on -of 'these changes du~ing the course of 
--- ·-- .. ---· ·-- ·-- ····- . ··-· -- ------- --·-- - . 
... . -------------.:.~•~ - .·-· -·-· -.... .::.....-_ - ,;__, __ .,._ .. _ ... --- -.-- -
·~· 
-·· 
recrystallization gives another means of quantitative analysis. 
·Hardness is the most significant property which :goes through a 
substantial change and hence is a good measure- of volume fraction· 
... ~ - •· , .. 
..,,_ 
/ 
;_, 
I . 
,,11,,.,,· 
-:: .. 11 
'• 
.. 
,,, .. 
16, ·~. . 
··r 
" 
recrystallized. .... 
(f) Texture Studies 
Depending on the type .of -the plastic :d.eformation and the origina_l 
structu·re of the material, deformation textures are formed. Upon 
:annealing, another set of textures are formed which bear d~finite 
·relationships with deformation textures. The su_rvey of literature 
and compilation of· texture data are made iil- ··th~ re::fe;rences (21, 22). 
:3_,... ·objective of Thesis:. 
. \ ..... -
.. 
With miniaturization in elet~t.-r·on.fc: industries, it is quite oft:e.n . 
J~~c~:_s_s~-ry -to. c.ha11ge. or control prop_e'1:·:t·ie.s of very localized areas witb~ 
:out.: af.f:ectlng adj_acen.t- region:s. Amdn_g the more collllllon metallic mat~,-r-· 
ia1.s use,d for .electron:ic ,¢quiprn¢nt are copper and c"t>pper all9ys- wl;ll.ch 
¢xhibi t h"_j..~:h ele¢t_:rj._c_a:i co-ndµc_t:i vity, high thermal. c-onduettv·1 t,y :and ) . 
higi/ reflectJv±-ty ·tc;i t~e ·visible sp_ectrum of, el:e·ct.romag-ne.tic .. r-a.d-iat-i.on-. 
- -~ . 
_ _...-
~- laser is. ::be.corning an increasingJ.-y iC·ommon t-o.o::l: .i;n. ma-te_;r.-i~i:ls -worl(in·g 
f9r localized -effest.s. 
,./ (/ 
' 
T.he _purpo.s.e. :o.f t·his- t:llesis is to .. e·s;t:~btish and· )no,d-1-f:y the ·tec:hnt-
•. 
-qu·e of ·1as:er: irr:adiat·ioti to produc~ and evaluate recry.stallizatlon i.n 
7.0 ::aO Br~s-s-·. :r~t.s materi:al ·was selected because. it: .is, perhaps.- t.be· 
of single 1 phase copper a11.c>:ys-:. It is readily a·vailable in an·y desired: 
___________ ... _. __ .· _cold worked condition. _ The reGovery and recrystallization kinetics of 
.. - ·. .- ·-· . --- - __ _,.. --- -----------· ------- -- .- - .. · - -_.,_. ·--.------ ---~-------------··--
. --- ··-·- -------~---------
' 
-·-·. ·- ,,. ... 
--- - --- thi-s. alloy hav_e.,_not .been-,!ft:ii<iied~-for a wfde range of temperatures------ - .. 
esp_ecially since there were no techniques availabl~; };l~·reto.~o:re ,. w.htch 
.. 
could give high enough· heating_: and quenching rates ·which are· -~~C.E;fS$~ry 
.r,. 
;.. ... 
. 
JI 
/l 
~ - -·~-'""'"~ 
'·_ 
•, 
,, , , , 
, • .., , ' 
.f ••• •. \ .• • 
.r , • • , 1 -' ' i i. , • , ... ,.,J.,:,~>;,i:::.!1~.J~.1·~-;,,3,.~~·t.·'ti~A.!~':., .. ,r""/.:o'" 
.,, 
-~--
--··. 
l I 
... 
. ; 
}·. ',.,,. 
:~ 
."..:: 
·r1 ... 
·-
' ; ' ~ 
... 
·,,. 
:f.o.r sho·rt· ·alineali:ng: .c,yc·~l.es· at high temperatures. Wi'th -t.h.Ei<~<iSsib~lity 
., 
of o.btaining· very high· temperature kinetic data with s.uc·h :·h}gh heating 
.t~tes·, a comparison can 'be made be-tween these and. low- t_emp·e·rature 
-·. 
.. 
. 
~nnealing data opta..lti.ed: f.rQni· .more conventional ann.ealing_ methods. 
·Comparison can- :a.1._s<> :~e ~ina·de of the changes ii): p.roJle_rt;ies.: (such :as.-
'G d 
ha·rdness) ob:cf:ain~·d_ ~lY. high temperature: rec:r.ys:t-~l] .. ·iz·~iti.C)n._ with t.·hose1 
• 
obtained :b_y lo.w. 'tern1ierat_ure anneali'ng .-. ·x-n- thi's- the,s.i_:s,.: ~e¢.ry-·s_:f>t(lliz:a_-·· 
tiOll O.:( _7:Q :::J:O b·ra·S·S W'ill :be :C-h.a.r~ct:E::ft~;-:e_Q =_ill :t,he· temp.el'.'at\).J!~ fa·n~e 
b.'.etwee.p: 2:509:c and: 6_'70()c_: :by de·te-rnffn·at :1c>'n. :o_t ac-:t·tvat:ton: e-ne.rgt-e.s t.o-:r 
.; 
~·,.: .. 
.! 
• • •.•• ,'":. 
_·_...-:._ -· -· • ~-:-- - • ---·- ·_ ·· .• ·· •• . ·-~··, •• •i ••• _ •. ~--··· •• : • 
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ll ·EXPERIMENTAL PROCEDURE 
Pulse Heating and Quenching Equipment-
·~ 
"·-'& 
'' 
The schematic qf p.ulse heating equipment is s'):iowiJ i.n Figi1re '3 .• 
""' 
~· 
The. -c.omponents qf· :the -e_quipme.nt :layout are list.e.d: :below·· .~nd dise:uss.e.d 
.:. 
.t ~·.A.· .• 
(b) ·La'_$e,:r hea,c.i assembly· 
:(c) ·Coo.ling syste.rn. f.o:x lase,r: ne~~:f wit_.h de.ionizer 
. ·' 
( f) De lay ·t.}_me r 
·(i) . . .. Digi_ta1 v.olfmet.er to ftjtjn:i.to·r input :voJ·t~ge. 
(a.) ·Powe·r: S.upply: The -high voltage po•wer supply ·used. ·_!oi;= tnis-
:ex:pe.r.iment is 'ASCX>R' ·· s·~lid :s·t·a(:_t3 :Po'.we.r. supp_ly·· ¢apa:trle <)f. d¢1 ive .. i_i~g 
tip tq 4 KV. 
"'It is used to ·<.:!hatg·e a. ·bank o:f capacitors o The bank of .cap·aci-
tors consists of s·ix 100 microfarad capacitors in parallel. The 
. :
---
... 
• 
---=---------~ -----------------· 
_i.!1~ut volt~g~_ to---'-the .. capac.itor. is .. controll-ed'. -ey· a 10-turn·heli:cat--··-
potentiometer. The input energy is given by 
1 2 
'": ._ ... : 
.. 
E1 = 2 cV 
~·. -., 
,, I 
(1.()) 
.-.-; -."'. .· . . . ~ 
·:_.. 
1 
~r { . 
-./." 
19 
w~~~e- :Et = Input energy in~ joules 
/• 
-.c:: =· 
1Capaci tance·'· in m:icrof a rads 
V Voltage in kilovolts L .. ·' ' ... 
. .... 
,• .... 
(b) Laser Head Assembly: It consists of a. _ruby rod, a qu~.tt·z: :,xenon-
filled helical f lashlamp that surrounds th·e ruby rod, the· .-rod liolciers, 
·ctiiartz cylib.Qrl.caI reflector, a ·cyl_indrical cavity to 'hold these· 
. - . plates: wtt:h '-9 ~i.ngs· t.o. $eal: the c<;>mP¢nents in the cayit:y. The ·e·lei:-
trodes of t.he. lamp: .are· :coiiriecte,d. to .the high voltag-e .supply .. ~::nd t-rig·~ 
·, 
·T_he· ruby- ro:d used,. ±:s- 3_"*•· ·1.ong ~µq .. ~/:_s'' -in d:iamet:e,.r (:s_ingl·e·: crysta_i 
. \ 
.. ruby .:roq)::.· The end ·surfa,c·es: ·a:re opti·~·al:i-y ·{l.at. .and ·par.:allel o. .The:· 
:a:$ ·an. o.sc:i.11:at.o_p·. The ou~p:ut -en,:d" _i-~. co.ate·d.. as to :m:a.~~- _i·t .85% ref·le:c~ 
tlve and the other -e:IlQ. ls.: :99.·5% refle.~t_:_iv~ at· the. la:s.er· w~v~le-ng:th \ 
of 6~43 i. 
\ 
:. r' 
;,: 
{r·,_ (.-c.) Cooling Sy$.t~m·: .The lase:r ,tiead .. is- .coo·l·e.~ .. by ·de·ion·ized· W~t¢:r 
·/ 
( 
j 
i_ng impurities before it enters the laser head as'Sembly. The water 
temperature. is ap~rox:i.m.a..t_e.ly __ 7~E-.. and--£ts resi-stance is rnuch gre·ner --------~~----
·--- - . -- -- --· 
·- ••-
__ --- Wo• ----
-
. . . . -- - ---- ··-r··- -- - - -- - .. - --
..... . .. 
···--.than 10 megohm-cm. It is very important that impurities in t_he fonn 
' o,f charge parti~les· be minimized in t!te .cooling- w~ter since t·hey will 
. _-: 
.tend to reduce the voltage reaching 'th.e· .flash. lamp- to below that requir-
-·------·· -
,., 
',;.' ••••• ....i .. 
·. '· 
:'·: 
/,, 
'' ,., 
! .. 
1' 
,; . 
f ... 
' f-< 
-- .. 
. ,.;/ 
. \f' .. ,· 
·, 
. , 
_,. 
e:d, ·to· ionize the gas in t·he l·amp ·• 
·- . 
,, .. 
' ., 
~· 
20 .. .,· . 
The co~ling of the 1a·ser· head improves the efficiency of the 
:laser and reproducibility ·of ene_rgy output. It also improves the 
1.ife tfme of the flash lamp as we:11 as ·the ruby rod. The polished 
......... ~:,.; 
ends t>_:f t.h·¢'·:·,_rµby rod must be sealed- -so. ~s ~ot t<?: al.low any condensa~ 
., 
((f:) o:pt:ica.l -~ystem:- The -~·-pecimen is ce·ntere·ct in line With- tlle .. 1:?-.~ie·t· 
·. 0 
-I:s .positioned at ~n- :~ngle of 45. w·i t.h: ·the· ax~s csf ).a_se:r oµtptit tube-.. 
·..'.· t 
c:o.uple w-ire:·s. F:.igt:fre 7 .show$ the inside of the ·box :where t.he· s-amp.le-. 
•. 1· 
• • • 
·l},: .i;';rra.diat.ed.. ·The samp'.le :h<>;I.d~r is. :-fas·t:ene:d. to. ·{·h~ .x-Y·-z· ·m-ic.,ropos-i ..... 
be i'r.radia ted, in 1 ine :w-ith .. t·he Iase·r :be.·am-, ·us iIJ:g_ th·~ :optical s·ystem 
described before. 
· 
------~--- -··- ------.··-- . --- ---
___ __,...___,_ .----~---··~--,-~-----~---.--:-- . ·-... -~--.. . .: .... --.··. -- -· 
' 
. ~ . ·. 
•· . 
-c---- ----· . - --··· - ..... ·-· 
··-
... . ... . - . - . . - .. -· . . -. --:- . -::... ·-
' (f) · Delay -T-inier: -- The -.C:l_~l_ay tim..er is· u·sed t.o.: o·p:erat~ th·e quenching 
•. 
' 
equipment at the·: end of p~eae·t:~-rxni:~ed 1'3.ngth, o.f ttme: afte.r· las.~t· 
. 
. . .· 
. fires. The Fig.ur~ 6 shows :the ~.lr,¢uit: c.liag-r~m. :Which is a mod_°if..i:ca,t::i'6:·n 
•.. . .: :; ... , ., 
· ... 
;, 
' j 
• 
:-....... · 
~ Qf t.he one shown in th~ . reference ( 4() • · In1tialfY, the sca1 and 
S~R2 are. off and the~ transi&t~ ~2 is on. When ·the laser firing 
., 
. 
. 
switch is ·actuated, the transistor is short circuited, tJ}e SCR1 is 
turned. on_, tht:is, sup.plyi~g -24 volt·s: ·tQ· tbe delay circuit.: The·: vo:Jt~g·e 
ce~harges up t:he ·ca.pac.itor c1 and.' when. ,S:\lf'ficient voltage. i.s. ·:reached, 
the ·Unijunction Q1 fi:re.s:,. ,.·ge11¢.rating a p:lil~e across R4 ~·nd:.: f:iri.ng 
'SCR1 .• Thus, the scil.¢.rtoid. (pa·rt t>.:f: ··the. quench equipment} i,~ actt1at:ed'. 
.~:f.ter a - time interv·al given by 
,.,.: 
t = rn(R1 + R.... __ ·)C:_ -~. ·1 
·whe.·re.- , t - ·c;l0:l:ay time in seconds_· 
R1 .:a.~d ~2 = resistaµces in o~s 
-m· = ·c:alibration cons.t·a·nt 
.. -6., 
Th t . ' ~ t . . . th·' ·t'h · .·. er · · 1.rrteI\, 1.n conJunc ion w·i.. . e 
-~ • ; . ,t 
{:ll.) 
.r. 
·F.ig,ure 9 shows ·the plot of del~y· t-tme vs. :y~rj)able .r.esi_st;ihce: ,w·i'th 
·GJ1pacitance fixed at 1 ·n(icro.:fara9~ Frpni th.e: :slope of ·t·hfs pJot·:; -th~ ~ 
Value of m iS ¢qt1al t:O ·0. 8 •. 
,·.· ~. 
:·R . 
.. .1 • 
·an.d. ·c~.. T,he circuit is r¢cycle.d by·-~. reset s·wttch SW wh.i'ch ·turns 
o,£'f, the S CR ' s • 
. (g) The Quenching Equipment: It is reported in the literatur_fLthat ------------------------,--- - - . ____...........-------------~----·--
--- .. -- - --· -- - ------·-- --- - ----
-------- ... _. __ -_- ____ _ the __ quenching --Ob-t-ained.- -by· stat--fc-air ·co·o-11.rfg--,--lieliwn"·-cooifng and helium 
-· · . 
. 
.· 3 4 . 5 plus water vapor cooling are of thE! Q:rder o.:f. 10: ; · 10 · .anc;i. 10· · 0 ct·sec., '. 
. 
_:fo.r th.in. spec'imens •. Thus, ·-tlie hel iuni pJ.~i's ,water vap..or· .qµe~t¢ll_ing was 
." ', ·. 
·, .... ~.- · .... . .- .... ··. •· .. ·-. 
.-. 
.?_: 
... 
I " 
' oA,-, .. •. ~-
' : .. ; ~ ·: ... 
---------~~--~-
---
i .. ~ ·.- .•. 
'22 
selected for these e~periments-.. The quenching :unit: i~. ShQWn ... in-
'-' 
. :~ 
i 
,, 
., 
Figure 10. The solenoid is actuated by the delay 't-inier, thus ailow-
ing helium spray mixe(l with water to impinge on the leci~en. · The 
two rubber bulbs act as water reservoirs. The spray is directed, 'to 
the sp~cimen by !::'-' diameter copper tubing.-
.(h) :T_he:rmo·couple:: ·W-ires and Storage os:c:Ll1ciscope: The tempe.:rat:_u:re-
wi.res·.- .-These W-i.res are spot welded ,on the back of the specimen to 
µ:~. i:rradiated. Th·e. respoJ?.S'e time o.f ·:th~ thennocouple is related to 
" the ·size o_t:·· ·the wires: ·and· smalle·r· t,:he·· wires, the :faster the respons:e,. 
ponding· to 9.7%. q-f the tnaximµin: te,np;erature .r·eache·d is d:evel_o.p~d iii 
. ___ (41} _ r l~s-$ th.an. -2 msec··. It is also :p.ece·s·sary ·tq fu-:l.ni.miZe the .. heat c_ond:ucteq. 
kept: at a ··minim~.-· 'f.tr a-ccQnipl:ts·h ·t.his., t·he th·e:rmocou-ple -wi;rei .a.re 
u·s:e,-d, in: int.rin:sic. :fa.shto_n. The \vi_r~s are bonded: indi.v·fd·ually (:ratJ1e-:r 
t~a~ .fopning· a junction) ·bonded t.·o th.e Sµ_ff~·ce o_f the spe:cimen- w.-ith. 
·min"imtun co1tt,ac;::t .at~~ a:rid ,a-re k~pt: -1/64·" apart,: .a$ ._$:h.owti in Fig-.ure· 11.-. 
' 
-, .,, 
. 
. . . 
weI·ded to 0.010." thennocoup1e wires and are connected to. Tektronix 
'' 
' . 
. 
I:' 
-
5 6:1..A-t~ag_e_o_scll.losco.pe _____ -Thus-,--the---t-ime=te-mpe-rat-u-:Pe----eyel-e--e-afl---be.-------· -------·~----------- ---- -··-_· 
. ··-··- ... ·-- -·-. - - ------------ - - _ ____.._ __ -- ----- -- . -- ··- - --- --- ----- --- ---- -- ..,.._ __ ··--- - - --- - -~-
- ... - - -----~ -----·- .. --- ----- ----- .. --·-- .·-- _.:. - ...... -.- - -- - ... 
stored on the reticule of the oscilloscope and subsequ~ntly photo~ 
graphed. 
. 
. ...... 2. Measurements of Laser Radiation Parameters 
•.: 
• ' <lit 
"' 
' ' 
-··-·---·------·---=-· ·--
- ~ -·----·· - - .......... - .~-·- -.-
.2.l Energy Measurements 
"·· 
The output energy of laser beam· is measured by a ·Westinghouse 
laser radiometer model RN-1. This radiometer consists of 1000 ft. 
of No. 40 B & S gage enam~l~d: copper wire packed .randomJ_.y :in. a s·o 
millimeter beaker silvere·d. ·on the inside. The b·ea·ker is enc:losed 
OI.i tli,~· open :Side by a flat .qu'artz Window· ·Which forms the. ,entrance., 
fo.r the: las.er beam. Another 1.0:00 ft. of copper wire ±s wp@cJ· aro4.nd 
th,e beaker. The two wire·~ .torm a :Part· of a wheat.srtorte. b:r;Lqge. The: 
· .. 
yoitmeter model 4:2·5A. The las.e.r ·beam: is s_patte:re·d:. a.itd _a))$6,rb~·d :by 
i 
.L 
t'he c9ppe:-~ ,w_d:.re. ·which expe:riences .. a te.mpe::rature :rise an.q. lie.nc.e cbange· 
IP 
i-.n .. res.:istance·. 
..3. 
<tlle plo:.t .of input vs:. output ene·rg·y is -shown in: .t:he ·Flg:ure .12-. 
'i'he ·poo·r ~ff1_(!i¢hcy· of the laser is evtdent· f r<?Jll ·t:nts= g·:raph_:o :i 
·2· •.. 2 'Pulse Length Measurements 
.·1. 
... 
One of the important parameters of the laser system is its pulse 
,. 
·, 
·, 
du.ration ( including..-the----Sh-ape--e-f----the- pul-s-e)--.-·--As--ment-ioned tn-the--- . .,. ________ ,----"-,---------·· 
- - - -- ---- - ---- -- - • • • ·- - • -------- --4· - - - • --· - --~-
- -------------- ------- ---------· ..... ·-- . --·---- -pre"v io iis -·chapter~. -The instantaneous temperature ctistribut ion is cte~ 
pendent on t_he shape of the pulse as well :as the duration. The- p.uls:e 
length of the las~r beam: :is measured b:y emplo,ying the ci:.rcµ·:l_t, :s_ho\vn 
---•• .I.-:. ...:.:'~-.. 
.• 
J. 
·' 
,, 
l 
',I 
•. -$ 
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ln: fig:t:1:re. 13. A 58 ,CV vacuum. :photoce.ll" .is :pla.ced in- ·the ca_v-ft-y 
t fa.c:ing th.e :.back end of· the. :ruby rod. I\.: d·telectric filter -is placeq· 
".in. f:ront ·9.f th'.e. phot.o-c.ell so ·:as to ... a_i~ow o·nry 6943 ~ wavelength laser:· 
:ti 
::ii_g:h::t •. ·:The J1hcrt.o·.ce:i1 ts biase·a b·y :a 45 VDC supply. -- ~he output is. fed 
to. ·Tel(t·-ronlx :549_ .o~ciJ._lqs..ce>_pe 1;Jy .. a coaxial cable •. 
'r.h:E~ p,ul.se duratton :was measu.red f o.r · 400, 5·00 •and 600 microf-~t.a,;d 
. , 
inpu.t capacitance- anct·· ;t,hese: d·a.ta. a.·;re d~awri. 1::n- F-igures 14a, b ~:n.d -¢: 
~-., 
The pulse ,c;ltiratiQ~ -c,J:i¢ys the relations:hJp::. 
'(13'·)· 
... •' . 
• 
:k: .. == co.nsta:nt 
3:. Specimen 
3 .1 Mate~:ial 
·' The mate·r1ai. :ur1ciit:r·: ih:y_e·~.t:_iga·:t'io·n wa·s seleG:t-ed. to- ·be· 1:0·:.:.·30 :Bras.s 
o.f :ful) .. y ha.rd (approximately. 40%. c_ol_d_: ~Ile.ct), 99 .9 + :%· pli·;re:, .s-t rtps. -~ 
optical emission spectros·copy and results wei;e compared with standards 
--------,------~ . ____ .r.ftCQmmendeJL.by. . .ASTM .... and-0btained.. from the National-..:.Burea·u · 6£- Staridarcls 
- ------ - . . -····- . . --
...... 
\ 
-------,-.-· 
. ~ ··- -- - .... c ... ,.c ____ ....;1l_ ---"---··-·-·-·. -----. -----:-- .. ------·-··· . --------. ·-- ·- ----·. 
-------- ··--- --- ------------ -- ------·-·-·( 42 )-· -- -- ----------·~--The complete chemical analysis is presented in Table I • . ' 
.. 
... 
3o2 Size and Shape of the Specj.m_e-rt 
.~ 
In order to oqtai_n ·sufficiently ac·c:µr~te· k:i-ne:t:ic-: dat:a o:f time. at· 
.,,,.; 
' 
.. ,-·~ . 
' 
0 
... 
.. :25 \ 
elevated temperatures, it is necessary that the temperature be main-·-
tained suff-i.ciently constant for reasonable lengths of time. This · 
means that: th.~.: conduction losses must be minimized. To accoml)lish 
this; the- specimen area ·to ·be· :irradiated is isolated .. from'. the 
remaining .material l;)y cutt:1:ng :out material as shown iti' ·F_ig_ure 15. · 
Thus, th·:e specimen area is held- py four narrow strip~ ~2>':f the, material. 
ln;J.t:f~ll:y,. gpec:i.Inens were cut .. by electrodischarge machining,. but it 
was.' found· t·h.~t the structur-~ of the specimen is affected lly: the ·tnt~~tse 
Jo·c.alized: h_e·at -g:ene:r.ate.d-: dq.:-rJ.ng this process. Therefo·.re, :t}:lt-s-: was .. ·'-, .. 
·q_.;i.s:cont . iµµed and: spec.imens -we-re prepa:re~ subsequently by a punch pres.s. 
'The f;p~c-imen .. siz.e ... (bot·h t.'he· ci:i'ame-ter and the t.h:fckness) was 
.f-.c1.u_nd to be- a:n jJ~porta:rrt par:amete:r ·i_n main-'.t:atn,i-ng· the po:nstancy of 
temperat-µ.·re .: :F).,g~(t¢ ·15 sh·ows. t_he. cott.11>'~:ris.on betw~::e·n time .. '.t'em.perature· 
~: 
. 
·c\tt:v.es f_o:r O.:~ 002_:n :t.h_ick'. VS~ O .(l°O!{'' th~-ck ~;':aitlpl.es.. ---The· m.ax.imum. be-am 
':diameter· i-_s a:va-i.lable ·wlie.n the ,1~$~.r beartt is· comp..letel;_y unfocuse,d .• 
rt .. i·s -~lso: evident that t-h¢ loss :due- to t·rans·verse conduction, 
(p.-aralle:L to ·-t.11:e: he~m) is, _Irl()t(3: signif ican.t than the lateral ·c.onct·uct:i_on. 
al.ong the .sheet:.. :Tbe .impo_r·t_apt parameter i.s the: rat.lo o:f: 'tite beam 
d:i~me.~ter tp sheet thickness .• ' It was also: -obi,)~rved th;;it· t·he temperature· 
rise for the same amount o·f ,input e.nergy was: ¢.orts:iderably greater for 
0.002" specimen than.for 0.005" specimen. Since the temperature ts r , , ..... 
-.-
,,_. 
meas u~~d ___ ~n the back .surface, -thi-s-~-eb-se-rv-ation·-·sugg~~-=ep·-consiaerab·le ___ _ 
__ .. ___ . ----~-~-- -·--
-- - ----- -- -- ... -----· . . -... ---- --- --
_ ____,....- .------·-- . --
-· -~---·-· - - -----
------ - ------
·- . 
~· --..,---- - -~ ... -- ~--,·-.. -. __.,~veflieating the 0.005" specimen-and t~us nonl;lllifonnity of temperature 
,,: 
along the thickness of the ·specimen. Thus_, it wa.s d·eterinfned to use ...... 
'1 0.002" thi·ck specimen for this study:. 
. ... ·. 
·-. ·. -.·· -.. ·· .:· .• . : 
, . 
. •. 
.. ~· 
' ~-\ 
- ... ,• .. __ ,.-____ --- -- . 
• 
-__ ... ______ _ 
' -
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3:.3 Pre-irradiation· Treatment 
• As mentioned previously, /the spec-imen reflectivity is the most l ) significant problem in laser matex-tal .interaction studies. The, prob-· 
lem was resolved ·tor this study oy t-reating the specinie-ns ~wi~h, a :·p):·o-\:. 
p:rietary oxidation ,proc~ss ·known. as -',eJionizi.ng. ". The e-bo:nizing sq-lu.-
t.io:n. is :pre_p~red by heating· :t·q_ .and: maintaining a tempe_rat:_ti..re· o·f 98:0 
i: 49.C r _a so-lµt.Jon of 1:5:Q .ml of H20 ·, -3.6 grams of 'Eb~no1 .C' .c'.t>rilpo.und· . •... 
:the: $pec_1Illen is :h¢·-ld in ·fhe :solut±o~n-, undtst_--urb.ed:. for .3 minute:·s. .A 
thin layer: "(e_stima·te·d to be: -ot: _the -orde,r:-· of 2·,.:c>QQ i ~ .6.,C)QO i)(43) ·ol 
Ii:z.ati.on .process 
r 
~~4- T~mperature Measurem~~ts· 
The 0.001'' thermocouple wire._s are :mount~d- on· th~ bac·k of: ,t_:he 
\ 
. be.am,, temperature .~i,se:,_ ·an·d un-i"formi--t·-y: -o.f tem-pe_tatu·re .acfr6.s-s_ ·the ~;t1)iG:k~-
, ~.' 
"'!'I .n~$·s: of the ~p.ecimep: are; treateQ. in AppendJ.x .I.. S_inc.e. th:e ~ner_gy ·d:-±._$~-... 
l.ribµt ion. acroj,s . t:he· beam is: Ga\ls sian ,. it is· .ne.ceps~ry to.· mount the: 
·thermocouples as ¢lose to th_e. c..en·te-r a·s possible. 
It was found t':Q.at the temper.·atur·e. :measurements we·r¢ cruite, J;on·-.-. 
sistent as lcjng: as: i'.np\Jtparameters re~ained constant. Thus, it is 
.possible to mount the thermocouple on one specimen for temperature 
. '"A 
- •---- -
> 
' > a 
' 
~
..:,,.. •• ----~----=:....-~--•A __ :__ _ -~ --'rea_QU}.g-_ a.ndiioldi~g·-·ih~ in~-~t- ~~~~~~t~;_S __ ~Qilstant-r-irJ!.adiating-othe.r----·· ~ . -- --- - _ .... ------ --·- -:-- ---~....-- ·--~ --- ··- - .. ·- . .,__...-- -~--,-~ ·---- .-,r -
•it .• 
s.peciniens without .thermocouples for measurements of hardness and 
qUall:t·:-i-tative- me.tallography. The. Figur~ 1.6. show,s a typical time·- , 
t:empe:tature cycl~. 
---ec-
----·~--:-:-" 
-··-··. -~ .-. :: ... - .......... -.,---:-.··--... _,.·:-:·•:· ·--~-
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4. Mul-tiple Irra'diation _ 
-~ 
I 
/ 
, . 
.....;.;,· 
· It may be necessary in pulse heating techniques such as laser 
.irradiation, to maintain the elevated temperature for -~ l~onger period 
• 
• of time than posslble in view of convection, condµcti<ih,: :.and 
,·radiation losses. 
t¢.n1.pe·rature .. drops at .a S·.i9wer rate th¢: _in.terrnediate temperatures 
would -~lso co·ntribute, to the transfol'Jliation in a given solid.-
_This 
introduces a· considerable amount of .inaccuracy in the kinetic ~:h~t.a, 
whe·n, S\ldden quenching: is emp.loyed s .. ~Gh. ·.as wit·h IJe--a2o vapor :tri. t;hese-
. 5 .ijxpe.·rtlli~n,t.s·,. the .co.ql:tng ra:fe ts: o·f t.h.e q:rde r .o:f 10 · 0 c/'seq.. t:o· 
·6 o· 1.0· .· ·' C/:sec •. This ~-~ -an .extremely· .. high ,q.u_~n¢:hint,·r-ate and it Jp 
.. ) 
safe: ··to as.swne . .-that the inte<rmedia-te. -trans:f(1.f1ifations. :are.- suppres:s~q: 
:by .s:u.ch quenc-~_.ing_ ._. 
,. 
With the ·.ah~y-~: ass1mpt_fq.n ·in miq.d:;. ·tb~ pu1s.e J1eating technique: 
can be mpdlfied to. alJ_qw· ·1o·ng·er t)~~mes: ·at 'p--igbe.r tempera~.res as 
-shown :in the F:j;_g.ure 17 • 
., .. 
The spe-c:tm¢n .ts. i.rrij~~-a:ted with a laser p.111:s~ of ce_rtain inp1.;i:t. 
and en¢-rgy and q;µ_~n.che.d a'ft:e:r· a preset time ~ t 1 s~conds o The same 
specimen is re-irr~cliated with the same-- amount -of ene·rgy and .quenched 
·"'· 
·-.;.,. --- -~ - - ·-·=--~--
,· 
\·. . 
... ----------------
___________ ...,......_._._.....,._:..... ... "''· .... -----""I-·-··-··._ ____ .............. - ___ ...,. ___ --····---·---·~-.... -~----,--~::-.. -----·ence-···again--~tezr'"t2· se-conds-:· · ( It was found tha~_2f ___ t_~~ input _v9.l tage .-------;-··· _: -~ ... -_·.·_ 
, 
-- --.~-- ---··----- --------------
-
' 
. 
. 
-·· ---· -· - -·-- -
- --·---r--- -
-
----~- -------
·, is controlled accurately such --as ·with digital vo.1 tmeter which allows 
voltage monito.ring betwe·en_ ±.. I volt :a..:t- 10.,000 v9lt·5;. the temperature ... 
.. r}se in ~·,specimen subject t9·., ::tinilt ipls ·.i'-rra.diat$,qn .··remains. Qons.tant.) .. ' 
~-~-' ··.- • ·-·· ••••• - ... !"" .• 
•. 
,· 
,11,· 
- ., .... , •• -
. • 
.. 
. ... -
- - .~ .JW-.. 
-r,;trr,l .... ;....-•i------·· - ·-·--"""'-·----· ---- -- -··-------------------· -------- - ,- -----. 
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• • A·s shown in Figure 16., for such a cumulative process effective ·time 
t = t 1 + ~2 + t 3 + t 4 •.•• seconds 
0 
and effective temperature TC. It should also be noted that this 
technique allows choice of times t 1 , t 2 ... etc. such that the devia-
tion from " . n mean effective temperature is· min.imum. 
. . . - ; .. - ... 
,.... ' 
5. Low Temperature Anneal 
In order to obtain kinetic: dat·a: .fo:·r· a w:ide·: ·te.mperat.ure:· range, 
temperatures for longer .tim~s·. A diffusio.n. furnace was used to 
obtain low t.empe·ratu·.re. a.n.nealing data. Th·e schematic layo.µt of th.~· 
furnace i.s sho·wn. in. l}he Figure 18. The desired t·emperature is 
·:re.ax~he.d· ·-w.i.tliin ·1es~ th_ah '2: minutes. Hi:gh. purity· ::argon is .P:a.s.s·ed· 
{hro.1.1g~ the. fu.rnac·e to :eliminate oxidation.. Argop.. i$: pass·ed :through 
a ·heat·ed. tube co·n-taining Mg chips to remove any trace·s o.f H2o. The 
tempe:rature: p_rof il.e o·f t·he in-us.e area. of the furnac·e showed a 
·Low temperature annealing was p:.er.f.orm.ed ,fpr· 2s·o0 .(}., :3.00°.c:, ·.and: 
.. 0 
:350 .c. 
6. Microhardness 
·•. 
. . 
\' 
Solid state t:ta..r.iso.rm~t.'ions in inaterial are accompanied by c:hang:es 
" in the properties of the material. Change~ in microhardness are 
- ~ ._ ·" A ....-4-.- •-- _. -- . - ····--- ·• ~ • !.·--•·• '•··- .. --·-·-•·---,. --------------~--~-- ......... ~---.,- ·-----·--·---------------------·-·- - - •· . ,··-·-, -- -- ·------------- -- .. •·· -- - --.- -- . -· ---. --- -- - --- ------ -- .. -- ~ ·- --·---~ . --- -_ -- · . . . . . 
annealed specimens were.tested for microhardness. An indentation is 
. >J 
few grams). The hardnes~ i=s ··· made with a diamond (and a load of a 
. .. 
calculated from one ·of the following 
. . (44)' 
formulae .. 
I 
• ( :- - .• - ·-· •.• • - "J. .... . . - . . -- -
.... - ...... 
,( 
---~---.---------- - -·-- ----- .. _ ·--- -·---·-·- 4 ---
- ----- --·-- --- -- ··- .. ·t-··- ... ,---- . -
1·.' !'-,' 
( 
. . , ' . ' 
J f • i - I -
,,_!~;,, :, . , '·-\:;--r=;,.-J'-;-:' r~:.:.::.;.;: .. ~!f,~4:;ii,'i_.~"'.'"" 1• "..,;/1:.'TL""•!'W=1tS;-, ! ,,'~- "•~,,_t._..:;~ 1ir-'~~l-,;:;;;:.;;L_~-~ .:, .. -•' 
. ""' 
·-· 
~-
where 
·:.. 
··whe·re· 
·t-
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1854 P 
•. 
.HV - d2 
P. · .. : lo·.ad in grams 
·d ·-- average length of diagonal in 
H.V - vickers har.dnes·p in kg/sq mm. 
HK = 
.P - lo . a.cf ln g:raro·s 
HI{ :-. lmoop hardI1ess in kg/sq· mm. 
•, 
... 
(14) 
(15) 
c·a·r..e: w:as.: ·t-a·ke:n, to: :s:ele·ct. ·the: prop.er· ·1oad, '.P· ., in vie.w of t:he. small 
,t_h,icknes.s· of the ·spec1men ( O' •. 0:02·-':')": .-, On an av~·rage f Jve t·e:a.cl·iri-gs w¢·re 
t.ake-n. on each specimen.•' 
7 •.. Quantitative ·M~·{,ailog_raphy 
The progress: o.f· recrystalliz·atton is observe:d by .qua·nt:it:a·tive 
.. , . ' . . . . -
me·tallog_raphy •.. :The· m.ic~ro·s.tructur~: was developed b.y etching· with fresh 
i. 
30 cc of NH OH · 
-------·----·-----·-- ·-----···--·-···· . . 4 __ _._ .,....------·-·---· _,..,__. ----.. --,..-..-,-
------ -·--r---···---- .... - .---:- ·-. .· . 
~. . .---::,- . ·- ·-· .. ·- · ·.- · --------~2-5-c-c -o·f-·H21r2 · . 
... 
... . . . . 'it' 
'•\1-.. 
rne qua-nt.i.t,ie.s measured by quantitative met·a;JJ .. o:~.r~pp..y .wer'3 f.ract~Qti 
:pf the material -re.:crys"tall:i.zed; · f, and inte·rf:apia}. al'ea -·bet.wa·en rtl- · -
... ,,:.,.-. :.• 
. '. t,· :,-··., 
.. 
I 
•. ~:: ...,_.:. ~-- .... - .... ;...~. -- - - -
·,..:· 
·"I -· 
.. 
•. 
·':-·••c1 
~.·:::;_ 
\.:·~~-
__ ,,. 
. -~~ 
'. ···.;~ 
r,::i\~ 
.:\;J 
,· :~:· 
.. ,; ""/ 
'' '::~, 
. '; _;,~. 
rtj 
:.,',f 
. <.) 
·----l.·-;; 
\ 
,, 
:t::h~' illustration of t.he method. The theory and statistical valida-
tion of these techniques are treated in detail in references (46, 47, 
48). 
A square grid (simil~r to one shown in F~_gu'l9e 18) is'. superimposed. 
on ·the microstr~ctu:re~. The vol\Ulle .f:·ractlon recrystall-i_ze~:; f; is 
n 
f == i 
"· 
(16) 
where -rt ==- =number ,o:f"- gr::id intersectioµ-S lyt·ng_ in -recft-ystallized 
c_ase): 
.ai1d the: inte·rfa.c ia.1 .:_ar,ea "I~-¢-r· Ul)it· ·v·o-lume. 'tietween recry:s,t~}J,.i-ze-d· reg11)_IJ ,-,._. 
A 
.. 
.. . 
,_2n' 
·( .. cm··~/c·~~·.) L (17)"-, 
vihe·re rj r - -number: b"f t:.i'rii_es :a·. g.rid. :_line in·tersec:t s the boun.da.ry :/" 
.betw.een~ 'r·e.c.ry.sta.11.ized grain and cold worked matrix 
·L - to.t.al ·rength pl the. line 
:Equation (17) as·=~ni:mes that t:he·· g<fai:ns a·re oriented random-ly 
t.hroughout the s:p·.ecim·en.: tl:J.Jck..riess and th:e· gratn· size i.s smaller- ·compJtred 
'to the specimen thickness. These assumptions .ate Jup.ti.f:~ed- b.y th·e 
..... 
i. .• .. 
-~-,:-;--,-. ~-------- - . _.,___.;.....___ .......... ~~-- ~--. ·. ----· ·---. ·-.--·------·····-·--~-----... --~----~~m±erost ru·cture--shoW"n ·1.n·-"Figure ·s1·- o-fAppendi.x II. 
- •. • -- ·'·:t· ·. : .. : .. :..., . ... : --·· -- .. ..,,.. --·-·----· .-··--:------- ,_ .. -- - --·-. --.;. - . 
8.. X-Ray Measurements 
The Debye r·ings obtained by laue ba.·ck: -~.~.tle.ct ion -,c~):·a_y technique 
., 
I . '·., 'I. 
.., • 
~s a qualitative tool ·to· analyze the·· mate-rial .. 
.. ··,·. 
( 
... 
. ' 
.. 
[ 
-~ 
c.'1· 
....,, ··.----·· 
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:!!' 
·recrystallization was studied by this technique. Laue photographs 
were taken on the samples with CuKa radiation. 
·.'::-l 
...:.. :•· . 
I 
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III. DISCUSSION AND: l@·SUl~T$ 
1. Isothermal Recrystallization: 
1.1 General 
.'. ,. 
..,.: 
·-=--. 
Recrystallization .'of 40%. coicj ·WQ)tked\ -7().:,3.:0 Brass at temperatur~;s 
. o ... · o· .. . . . p_e-'tween 525 C and.: 6'70. C ·was. aco-hieved ·:b:y= -las~::r· irr~diat ion and for 
t:eotnper.atures ·bet.w.ee_n 2.~0·0 c an.ct asoPc, b·y :annealing in a dtfft:fsion 
f.urnace :as :rn.ent:Ione.d in the experime·n·t~I procedure. ·The ttrne fot 
6 
-cdmp:.let:e re.crystaJlizat .. ion varied f:rom. ap_proxim,tt~.ly 10:· · se:conds for 
.. 
. ~1 
.. t:he iowest temperature: to. 10. · :S:e.e:o.n.ds- ··for the: :htg.h~st- t-"empe_r.atu-re- .. 
'-
20b and. c shcrw i:trit:t:c:iI ~nd lat:er· ·s·tages o·f: rec.fystalliz-ation. It ca:"n 
grow from l:::4-~- trtp.1.e· .:points and grain bound.aries:· of th.e: c·old wor.k·~d 
• rn.a:trix. The· growth- of th.e n.ew grains take$ p.·I~ce :_a:t the: e-x-p·en_s~- 9f, 
the :c_old worke.d matrix l.int-i:1 the entire· ma.tri~· .'.;i..:s cortjp:l·~tely replac:ed 
.. 
::(9r· -~_.11 :ternperat-ures ... 
The qualitative determina:t}o:n ·of the st:a·ges :of· recrystallization 
\ .. 
~-- . .,, ___ -. 
--=-_,..:_:...:'---'-----ww·.,....a~--ma-de-by--raue-x=-·rnyrnrc·R·-re·f-Iezyfoii-photog_,_ra~p.hs as-me.nti-oned ___ i_n_._th~--~·-·-····--··-···:-. --- ---.:; 
- ... -4 ~------ ·- ... ---·---· -- -- ---·-- -·iu.... - -- ... - ·- - -, ....... ~ •· -_, ~":'~ .. - .. -·--- --- -- - -- -- .. ---· - . - -·-· - . --· ··-·· ·-·- - -
. 
. t experimental procedure.' Figure 21a ts an ~-ray photomicrograph of the 
C 
.. 
cold worked material and shows the diffused Debye rings typical of 
·•- • -- •· --- -L- _. --. . . '------- ·••• '---- --
---- -- ___ _._.- ''", ..... -- ---~ _.,_ . - - --·· · .. - . ------- ··- --- --------- -highly· strain:~d m_aterial.. Figure 21b i:s ap · x-·ray photomicrograph of 
- - - -~ . .... : ..... l 
... 
complet y ·rec.rystall1zed mate-rtal with .. .s·harp: Oeb:ye·: ·rings. 
·, 
/· 
,- ., 
·' 
• 
... i \. 
•. 
. 
.  .. 
-....... 
The· progress of ·recrystallization was followed by the measurement.s 
of the volume fraction recrystallized as a function of time ·at each 
I ., temperature of annealing. The results of these isothermal measurements 
() 
are presented in Figures 22 tQ 29 •. These cµry¢.~ a:re of similar fonn 
for all temperatures. 
1. 2. I.sothermal · KJ:n.¢:ft:i:ca.: .o:f Recrystallization 
T:he. ·voluine t,ra.cttcln- ;r~·c·fy:St.allized can be given b.y· t'_h~· r.¢}at,ion-S1iip 
(18) 
~·. log [ 111 ( 1/l "-'f >} -- - Jog a + n log t (19) 
·r~,}s:: .the.· pldt of' log.: [ 1.n. (t/1-f·) .J: vs lo:g·, ·t \v.t,11 '.be· a .s"t.r.~(gh:t: line. 
:w.ith· siope ·o,:f value Ii an.a· fntercept. :Of .val.ue :~ .... The data from 
FigJ.:rres :2._2, to 29 have :been .replotted. i,.iJ t.h:i.s f'ctr;rn -and :are p·resent.ed. in. 
::Fi.gur.e:s· 3·0 to 37. The Jil9ts· are .inde·~~t -st.t.aight ltne.s ·withiz. reasop-
.,. 
:a:bl~ l im'i.t:s: 0 .Th.~ :val u.e.s .. 0 f :n are· tabulated .l.Il. ·.Tab.le r1 '!· 1.11).E:fy .a-re 
s'i1gg .. ests that th.e. t:rarts·-formatio:n is· e:ct"ge· ·nuc:leate·d -~Ii·g ;$.ite -:s.at:~rate:·q. • 
. •· •. , 
-.- ··.-· -;----- ... · . . ------ -- - --· ~~·.~........:--,·--..:..·...:--,.....:.----·-- -------wh-e-re-------·-.. .. ---,--·-. ---fi'·· --·· ... ~-.· .... ·- --::·'"~ 'c""':-:- • . ' -. • . • .• 
-- -··- ---· 
\ __ -~.~--~..,.--.~-,-,... -.,...,.-, .,....,..,~ -: ~;.~-. ,.. __ ·- - -. · -. · -.· ··1· · .;·_,_-.n .. ·. · ·---------·--·· -- - -· 
_a:'· = (a) · · · 
- - . ----· - . 
- - -· . - -. . - . . -- - -
•': . - .. 
.arid. ·.hJ1s. dim·e,ns.io·ns. .of: reciprocal. of ti_lll_e .. ,i -•. e. it r~presents rate.· 
- -· ---·· ·.---- ... ··-- -. '._ · .... ·.- ~--~--. 
. 
· ·1}l:1µ$: t'he t:em·pe:r.~tµr~ dependence of~.-a·,: cc1,n: p_e .rep·rese.nted by ArrheniJts· 
.. 
.... - ,.. . - -
•· 
.. 
\ 
--
,..,.. 
rate equation as •· 
r· 
-~ 
_a' = a~ exp ( -Q~/RT) 
Stib,sttt .. ut:ing the value of a' in the equation (20.:) 
(20) 
W,h~fre- ."Qa ..;..- )iQ-~. Figure -38 gives a plot of log a vs 1/T. The slope 
o-f· tllj;s straigh~ .. line gives valµe of Qa == 60,340 calories/mole. 
Therefore the Q~ ::: 33,500 calories/mole which rep~_sents the activation 
energy for th•~ rate in Arrhenius equation (20.). Thus a c:an -be 
expressed as 
·a ~- 7 11 7 x 1016 exp ( -:eo·_;-340/ .. RT} •' 
2~ Grain Boundary Motion Kinetics: 
2 .1 Time Dependence of Grain Boun:da.ry l\1ot.:tott ·Rate 
. ,.. 
Cahn and Hagel ( 49 ) have shown that the rate. o-f -~ch.ange ·of: .volume 
··fra:Gtiort ~.ransfo::nned during any so_lid state transf9.:r1U:a:f:'_j.p·n ·c:a_n' 1)¢: 
desOc.rib.ed: by. the e.~·pression 
-A~-G -
df 
d-t· 
. • fl:, 
where G is· t·h:e.-· averag·.e r~_te: .of rnlgr_a·t io·n: of: ntQVir.i-g :boun.d:~r.ie~ in· the. ·; 
( 
time interval betwe.en 1 ·and. t.. + dt, A: i-s :th·e -~~t~.-~'fa¢1al ~-pea betwe¢n 
recrystallized g.:riutns :an_d: cold worked ·mat·rlx. , . . , . . . . _ . . _ '( -:3·5 } E,t1gl fsh .ap.d- Jl~c:ko-f~·11 · 
used such expression tq: ·eyalµa.te.' r$crysta.lliz:at_ion .in hot w.o·rked. a:!%. 
' ', :i 
.-· :i 
r ,,ij 
-·--·- ----------··-·~ .. _, _____ _s_.il_js.on-:lnm__._ ______ . ___ ..__ --"-· .. --~··-'-·,. ·, ... --- ·--·-· ---· --'--·"'-- . --· ··-.. · ..... ·: 
·-·~--- --~-,.,..·-·---------·-- ... . . ... _ 
~ . . . . 
___ . .:.._-.:..~~- 0 ·----- • •0 •• 0 ·- __; _____ ,, ,•••• ~-·~---- ··- • • •• 0 .--·. • '•••'•- - . -- ... ,•••• :-:--~~-- ·-.~- .-~·~:··-~··-: -:.·.:.•• :-.. -•·-:-·~• ___ .. __ ,_a;.. __ ··-.:- ':",M.-•, '"'':" • 
.· · · · To detennine ·the_ time. dependence ?f G .·from equat±oi:i (35), A. mµst 
. 
be known as· a fu11c.tlo11 of f', volume t.raction recrystalliz.edD The I 
· --, ;··-- - -·interf acial , are,a-,--A, ·can·-'be- reta.:tt3d- tq, vo:turne fraction recrystallized 
--· _, .. ---- ·- _, - --· .-0 --- ... ·--.~- - -~ ... --- _,,_ ..... , ::.. -·----. -·,-. ·--
... 
.. 
.... 
• 
., 
,, ~ ', . "'··, . . .. --~ . ,_. - .·,,.,,,. ·--"·· --'- -----· ' 
. ~ . 
. ;.~. 
·,;.· 
b:y· the parabolic relationship·(lG)(35) 
• A = k • f • . (· 1--'f ·) . A . . . ... .'". 
whe·re A, .. : i.nterf:~q.tal area be'tweeti ·.tec_r.ys.tallized .. teg.i:9n- a'-tid. 
ld. k d ··t· · · · -· ·c· · ·2:1, · ·3 >· · · ·· · ·· · t 1· ·co.··_·_. wo:r:_.e .. _· rna.--r~.~ ·-.··cm··:·.··c.~··.·· :pe.r ·l.U11, · vo.- ume~. 
-~A 
·f 
The gra-in bou~µ-ifry .a/rea b:e.t:we.ert :rec.r:rf?tallized .. reg:l:o.n.$ ·~1td .·co·tct. 
-~-. 
. . 
. :worked .matJ~i~ w:a_s me:as:u·.red· ·as a f_unc'tio:n o·f .f. for each antteal.tng 
,:: 
i in t.Jie .~xperime:rrt-a1 prooedu.re.. :th·~s.~ :ci~ta1 are :_plott.e.¢: in ·the Figu··re· 39 ,. 
-a·nd. ·as- m·.i,ght b.e .·expe.cfted t.his area .increa.$·e·s.. ·in. t:he Ini.t ±a.}·: $.'t:'ag~fS· ·of -~ . 
' 
:A- .parabo--i.a W-~.s· :J:\i-tte,et t.o· .th:e :cl.~t~. $.o :as: to· rtrinimtz/e the sq.u~re of 
·t'he dev.:iation be.t·we·ert o:bse.rved and est·Jm~·te.d .v:a:1ues. of A:-.• . . . -.··- - -•·. - . .. :~ ..... ~· ..... 
. . 
] .. ·~-... 
:d(A, ·-~ A*)··2·:: 
- ' . . -
d:f 
- Q 
·whe:re A. .- ~o.bs.erved 'v.al.ue- o·f. ·A. 
F·.t:om fhi~ abo.ve :C~.Ic.ulat··i.c}fi:_s·, ·{h·.~. 'V~lue: O:f :kA·· ... i:s, ·g,iven :uy. 
. "" 
. . . -1-· kA = 1080 7 (cm ). 
('2.-:5): 
. 
-~us __ _g_!virtg the rela:tiQ.D.ShlP..-------------·- ---=--· . ,_ -~- . 
---- . - ~ - - -· -·· ... - -- -------·-- ......... -·-. -_. ---:::""~·-'"'": ·"';-· -· .. --- IQ -- -.· ----~--- ·- - -- -.· .. --- A = 108. 7 fo(.1-f) :(26) 
. ' 
lt ca.n be seen th·at. tb¢. ·scatter· in ·th~· -data for · .. tlti.s curv.e :ts: :co·n:s .. ider-
.... 
·,._ 
- -- ---~-- ·- --- . -
·the ·::exf;-erini~n:t'.al·' ·erro:r. pQ~:$:i_lj-Je· i.n·· ·this, ·~itid· ·-Of ntea:sure.ni'¢rtts:. J. \ 
··, 
.. j 
:. ·r: 
.. 
.~; 
. 
:.c.-~.· ·.· ._ :·,_; .).':.r'_t:~'.:.tr.:-:.:~-:~:~v,~t::=-~~-~:i:-\·f;;\."':.~~-::7::~~~~:rr';~~:f.J_r,_~~~-~J-titi-'·· 
-------~ - ~ - . ~ .. -., ., __ ._,_ ··- - · . ._..,',·----~·,;c- ~,,- .... ,_ ··- ..._ ___ ,,,,~~ ·-··-·.- ·-·· -----~---_--, 
\ 
--
~; 
3:6. 
j• 
Recently, Speich arid Fisher(lG) have shown that where a function--
al ·relationship- between A and f exists, it is possible •to rewrite the· · 
equation (23) in the following fonn: 
G dt -
df (27) 
and: from this reiat·ionship, the time depe.nden.c.e· :.of: G c:an :be ·determined.= 
If: :G is independent: o:f time,: the plot o.f l,Qg :(:f/t.-f) ·v·s time Will ·b~ 
.. fa.rm 
-. 
ku(JG)(as> 
(; =· -· .~-
t 
. . 
Subst·±.t.tft-f~g: ¢<I.~i~t:1,0..P.· (.::28) in. equat:fon (:2.7) :_~ ·we :o.-bt.a::tn. 
Irtt~·g.rating (29).,. we obtain 
.. 
, .. 
are :·preset1t.ed :in Figures 40 t<Y 47 .. lt.: -c·an be seen ·that .. 'for all ·anneat-
. . --- . . ,• ., . . .... -.-- ..... . 
±.n:g: ·temperatures, these. p}ot·s: are:r :rndeed:, :st.raigh-t lines verify::ing .· 
.>· the previously assumed relation-ship of gra-in b~undary velocity ,as· a 
·----·--.;.._ ·--....:.........~--"--......;.......-f UllCt ~() ~ of-~--~ITl2 G ~:. ¥_~ --~:·:_"_ -~Ji_: g:at~ _ll? ~-~aI")T_ 'mo_ucm rate ~!3C re_Ufi0 s ________ , 
--• - - ·- -- --~- -........ •I 
with time. 
-
Th~. :co:nstant of integration.<,: ~:~ ... :j)i th~·. ~qtiat'io:n (30) can be 
. =e.va:i uated t·akihg:. f 
. . .· 
. 
- 0~5. 
-· - . . .... . ·~-
-·- . 
i 
o· 
\' 
:, 
i, 
;-
37· 
·-
(31) 
.. 
Substituting for ·~ in. equation ('3QJ· yie~d.s. 
kAkG log t0o5 = log (f/1-f:). + kAkG .lo·g· ·t·o.: •. :s (32) 
ijhcl ,.r~writing • .... 
(33} 
t. Thus :t,&e .·slope. :of :the plot o.f· log .. '( f/l~f:J vs log · -t ··- .g_.iv:es tn~. 
···.Q. 5· 
• ..... 
v:alue :·o.f ~AkGo. :E\iglJ.re. ·48: fe.p·te·serits· ·fi,.~. va.lue:s. ·Of: lo·g. (:f/1--'f). 'VS 
.. t 
lo·g· _ .. -. · · for .all ·tempe·ratt1re~·: •. A '1,J.:µear· r.e~t.,r~$$/ibn ~ri~lysis was 
. .. . t· 
0.5 
., .. , 
tis:~d to obt_ain. the ,straight line th·rough. 'th:e: da.ta· for· .a:1-:1 teniper.attites. o 
··(34) 
S)il:>:st:ttu:t-ing_ the: v,al.ue .fo .. r, :~A ·= 108' •. 7 in- above e_qµ-~tio.:r;i W¢ ~tbt.a.in 
·. · .... ,• . -~2 
~G. ~ :2 •. ?9 x 10 .. cm ;· 
·.-2 2 a.2:9: X· lQ . -. 
·The·r.e.fo.re .. G ::'."' :. · -.. : ..... ·· · 
t 
2 .2 Temperature Dependence. pf .Gra:tn- .Bo:unda·cy. ·M.ot.lQ'It 
Gra:ln boundary motion rate~,. G, w~,r~ ·c.alculat.ed for times 
corresponding to 50% volume recrystallized for all annealing tempera-
~-------~·--·~-'-·
4
·.....:.. ----t-u-r--e,....s ;·-----nrn-se-cnraare plotted in Flgure 49 as a function of- recipro,....,..c ...... a-=:-1-_----------····--- -· -
e . . 
--- -- ---.. . ----- ---- ---- -- - -- . . ----··---- --- --- - - - -·::·-· -
. 
of absolute temperature. A straight line is drawn b~· t,lie technique of., 
,. 
-tine.ar regression with a correlatio.n coeffici@'nt of o.9_·94·s.o: .. Tht·~ pJ_Qt:· 
··~ te.pr:esents a relatio-nship of the form 
..... 
-···-
,. 
,. 
l, 
... .,.,., - .,.._, ~-""" ;'1,"''1' ; .. ·••f••,.,,_M,.- . ..,,,•••:!'"""T~l"'~Y C':' -'":ol"I' 
.. 
i 
•---·---·------~ I 
.. 
:"' . :'·•t., 
• 
-~ .. , . 
. / 
The slope' o:t_: the straight line ·will giv.e t_he value of QG/R whare 
R is the univers:al constant. The dimensions of Q are calories/mole. 
The motion· .o:f. the_ ::grain boundary can· be represented by a model of 
.. 
·. . .. ., · . · (28) · , grain bounqa.r.y .diffusion as ·indicated by Turnbull _ who concluded 
that the ... at·omi:c mobility in grain boundary migration is m~ny orders 
o.f . .-_m_agn1f;-ti'd~ 1a·rger than in. iattice diffus"ion. This. is- .re·ascrnal;>le 
due: to high ·degOI·e_e of misorientation or disorder a·_t niany· ;high a·ng'.le· 
·a¢.-t.~vation ene·rgy· for g:_ra·i_l) ·ootindf.try· mo.tio.n wo.uld be exp:~cte.cl -as 
compared to l'i;itt.i-ce·. d-if fus·tcl'p.. f.~om. ·tA~ Figure 49, the slo.pe. o:f. tli~ 
Straight l·i-rte is --:1,7 o-8.Q2 ial).d ilttercep·t is 1.58 X 1·0.8 cm/.se.C 
R 
.,. 
.... ,. 
-17.802 
~5,247 
Kl' :(:,37} 
Comp·at~"ing. fhe v-~'lµe·s: pf Q :iii. equation (37) with the value· :·ot_ Q. G a 
' -
:1-···, 
Qa ' in equation (22), it can be seen that - 1 .• 72 which is to be expected Qo 
_ .. r' 
---------------·-
:l?.).n~~ the_parame_ter _a_ is a measure of G0 and the value-of n was-··founcr-
l ', lC 
--- -· ------- --=--- - . 
...... --- - --- . ---- - ·- - ---
to be 1. 81 
The activation- .e.n_e.~g_:i.~s.- .fo-t l:att::i'ce·: dif.fusio.n: -i'n ·~- --. :B"::fass ar.e ~ 
.gtve:-n by 
(50) -
Q. = 41 ~ 900 _ ~calories/mole cu 
' ' ... 
... 
. 
. 
[11  
.JI:~ 
·•. 
) .. 
,_ 
'\.· 
,· 
Qzn = 40,700. calories/mole 
3. Microhardness Maasurements: 
The microhardness data as··,a f~rtctio.n ·of ·t.fme d.u·r~·n1t the co:u·ri;e· p;f·· 
recrystallization for all temperatures ·o·f annealing a.re p:J.;"otted in 
Figures 50 to 57. The general fonn of the change in the m~croha..rdne;s.~· 
of the mat~rial is essentially the same for all 'temperatures. 
~Hf 
Ll ILr 
' :~,:.: 
These data are normalized and plots of vs f', whe·re 
6Hf is the change in microhardnes$. corresponding t.o the t.r~c.t;io·n 
recrystallized and ~H is the. total change in mlc.roha..rclnes·s °J:?,e:tween' T 
that of the cold worked s.tru:c:t.ure .and th'at. ··cc:rrres_port.d.±rt~ to 98% v.o.lume 
r~:c_·ry.stalJ.:i?ied: are g.iv·.~n in Figure:s 58 to· ·65 f9 .. r· ahneal:ing tempe'.ratilres 
under co.ns:idertltion. Fo-i"; 1<:YW t:emper·at-.u:re .. ij.n:nea.ling, these. data ·show 
·!, 
:a posi.ttve ·deyiat±on f.ro-111. the.,. ide~·i plot (g.tven: ·by~ q.·a~·he:d .lin;e .i-n the ''-r 
fl.gures.) wh-e.re:a·s. f:o.t laser :,i:_rr~diate.q samples ·thes.e ,datc1 ·behaye very 
.~n,.d :are quite p·ronounc·ed .l:>u._t .for highe.r temperatures thet3e prqc¢$::s.es 
must be conc·urrenl w:i.th· recrystallization processes • 
• 
I -
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V OONCLUSIONS 
1:. Laser has been used to obtain controlled transfonnation in 70: 30 
l'-Brass in E1Pit¢ o·f its high 'thermal conductivity and high ref lee-
t~,,.i.ty f.or .ruby laser radiation (6943~). 
i.. Co.up.led With conventional heating technique, the laser heating 
I• 
tE:lchniqU¢ has been used to study the kinetici;; of rec;:rystallization 
.Q 9£: '.70:30 BI'a$S in temperature. range Of 250 c to 67.0°c and time 
6. -... 2 
range of: 10 · se.co·nds to :10 ·. · · s..econd:s. 
a. The volume fraction r:ecrystallizea, f, can be· expressed as a 
. . c· ..... n). f ,::: 1 - ~XP: ·-at: : 
t:emp·e.·tature a·nd wa~ eq-ual. to 1- .:BJ. 
(b) The para111e.1;er a. can. be expreSSE).d as a {U,ficti()n of temperature 
b·· .. th'e· 
.. Y ..... re 1 a.t.io 11sh i_p 
,a. ·:=., : .. ·, x,· · · .. ·. · exp -·1· 1· 1o· 1·6 ·( 60;;40) 
4, The interfacJaL are'a between recrystallized grains 1;!11d cold WOI'ked 
matrix, A,. can be exprei;;sed as a function .of vblu,me: :fra¢ti<>n re-
cryst_allized in th·e· parabolic fonn 
... ~-.. ,...;.:...;,..-,-------~ 
.·:. _-;_-. 
A = 108. 7 • f • ( 1-f) . -~·--·--··--·- __ 
---~-~-- ......... -~--- -- -----__ .:.:___ -- .-- ...... -·-- . . . . .. 
-
" ·L,; .... _._.;__, __ ..,._ --·-· :., _;_·_. ~- __ , ·-
. ·--~!?L~,J,/lLJh.e grain bounda-ey ·migration rate--rs- a fUfi£tion of time ancf 
can be expressed as 
2.29 X lQ-2 
G ·=·------0.5 t . · ···;·····. cm .. ·sec .,. ' ·"" . 
.. 
- --, .__ --- . 
~·-··-·-------- . ·--.,.--~---------~ 
,.: ;., .. : 
... • .. 
.. 
,. 
-·-· 
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,. 
(b) The grain boundary migration rate, G, has temperature 
dependence of the form 
The activat.ion energies for G(~) and a(Q
8
) are related by 
Q8 = 1. 7:_l ~ •. This is because the_ parameter a is a functio-n 
of on and th8 valu~of n was found to be 1.81. 
~~-___ f 
1·. Tijf3 t.ime ·for 50% volume~.Jrecrystallized can be expre.ss·.e.d.: E).:S a 
·t·:()
11
S, -= 6.3 X 
the relationship 
10-9 exp ( 35' 247 
RT ) 
S-::. Th·e: no~~lized- .plot:s. :of change in microhardness as -a. f_unct-·io-n of. 
vo.lume ·fra¢,t:1.o_n. =recrys.tailized (:i.e. ~Hf 
~HT 
tem_peratures .!Efcb:v:e::ry processes are 
vs f} inp·lc·a. te. th.at 
:'9·.. 06.:mpa·rt:son: :9.f. calculated temp.e.ra~·~r·e·· rise: and .obs·ery~~: temperature 
r_is,e as a function· of .-la$er: energy showed: that the reflectivity 
of the oxide laye~ at 
,----. ::-- -
:-, 
... . .. ,.. 
,: 
·= 
·,-.;, 
>. = 6943° A was approximately equal to 'o •.. 25. 
\ 
. , :••, ·. ·;,:_·-- ·- . .-·~- . .;.~ -: ··- ~---.......... 
'•· 
: .. 
't 
.. 
, 
•· 
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APPENDIX I 
! 
--
A. l Depth of Penetration of Absorbed Laser Radiation 
For the pulsed r~by laser radiation ( X = 6943 i), it can be 
.shown that the radiation is absorbed within a few hundred angstroms 
cJJstance from the .front surface of the material. The penetrat:ion 
l . . ' ' ... distance, 6· :, -i.n wh~·ch the light intensity drops .to -->th: :of: it.s =f'niti:.fil·l. e 
1 1 i ....... "b• .:($i) va ue -_s g .ve.n. -.. · .. Y 
\vher.e. 
.. 
'J~· =· .e~tin¢t-:Lo·ll ·co.e-f-fJ~·c;,fe.nt ln tbe ·c·o~.P·lex {prjtt 
N·· ·=· :n- - 'ik-
w-he_re n =· t:>·rd.i·nary J:Q·dex' of re.f:-ra.ct··ion: 
(Evid¢llt1y, the imaginary part of ~S fo:rmuia. is a meJl$Ut~ .of damp-
.ing· "C>:f-' the ·wave) f 
i:f6r cop.per ,k = 3 .26( 52) 
X = 6943 ~ 
8 - 6943 
4 X 71' X 3 • 2 6. 
- 168 ~ 
' ., ' 
___ .... ;,= -· '"'···~--·- ·.. ' 
·~. 
___,...--.,.-..,.-,-· _.,..---·~~·-·"~ .. _
------
__ .2 
-------..:....:· ·_;;.;--·--~·.· .. _,r_ .•-'--~~~~---~·.N~o~-.w1~~·,- · th·e · in:te.ns1ti~f-the---;;;41aiia;-~tc.ca <iEipth-x- (~) can b~ · -·- -- -- - .. . . -. ' .X .. -- -
.. ~. .. .. ·,· ·.-.... ... f· -·1·1.· ·. · -<53> shown· to be as :o ows · 
..... -
-
-,. 
-µx I = .. I. e 
·x·: .· ·o 
"":' 
.. 
: •, , 
~' l ' , . ._..,. -
111(;;,Jtofl 
. ·---.-
, .... 
· .. ·. 
43 .. .. ,. 
., 
·•. ··"' 
where 
Ix = intensity of the radiation after PEtti~:t . 'rE.l·t.:i.ng 
a distan.ce x Ci) in the material 
:I = .4.n.c-i.dent intensity on the surf ace of t'.he 
. ,0 
mat.erial 
µ -- abso'rpt.ion coefficient 
.Ix 'l 
·ope·r~'t.;i:ng: :on. e.quat·lq~. :(:6) , when - = -
,-,. 
. -. xl e. ·. 
.. . o· 
- 8·· ·~ 16'8 A 
µ -
. . ...... 
i ci> -1 
168 
·-- µ.·x 0 . l - I ·= I e· i · ... 
·O· Q: 
I e 
·o 
.x ~· (ln, .·roJ .x· ·1·s·8: 
:x = .2· .,303 x. :1G.a· == -38s *-: 
It ca,n be showrt that for most mEltdlic materials thi$ distanpe. _ 
Of penetration for 90% absorption is iri the raµge oj~ 50 .~· ~o 500 R. 
A.·z ·Heat Transfer Model 
.. 
: ~.~'Lo.;" ~-:-:---:. . .---:-.~--·,-:--,· _ __.__ ___ --04....-.--· .. -·----As shown in the previous section, the ligh1Jadia,t_ion_f:rom-l.asel!-----~---·-I 
. - ---- --· -.. -- .. is.Absorbed into a thin surface layer of the material and this energy 
is converted into .heat, The heat transfer model applicable to the 
conduction of heat across the thickness of the material is based o-n 
.. 
-the.one.dime-ns-ional Ii-eat conduction tfleofy developed by carstaw and 
. -~-
. . 
... . 
J 
' . 
.. 
.... 
-__,___ __ . 
.;,,i". 
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·' (54) 
Jaeger. 
The follo~ing assumptions are made in order to be able to apply 
the above ment.ioned theory: 
.. 
1. Heat conductio.n in .the' ·d_i-te-c;-t·ion ·pe.rye-nd1c_u_1'ar-- ·to the l~_~e·r 
.'.· 
beam i~ negl,.ig-1:ble .• 
2. The _depth of pene_.t:ra-t"ion_ -o_t l:igllt (and hence co.nvEfrsion· ··of 
this radiation into -hea:t). i;s much smaller than th·e. -tot~l 
thicknes.s of the speciniert. 
3. The thennal constants o:f t·he ·-m~terial under· :con·std·erat .. ion: 
are in.dependent -o.f. the·· t.emperature. 
5. The specimen is- semi_-:i.:n;f_·i-1:1:i te·· o_r- -rel:at-i_vely t·h.f-.ck .:· 
6. The heat flux l~ un_iform .at. 'the surface. 
·t·u:.r~ as.: :a function of s:pat!e -~rt.cf t.fine. is given by 
:for· x ) o and t-. _)· :O • 
·2·· . -
.... . o T 
. -~-- __ .2 .. ax· 
. The bound·_a.ey condltion is 
.a·.t ·X :=- :.o 
where ···-------- .. --- ·--- -.-,.- ... ·-.- -·.=-
T = temperature a_s a function of time, at1d·: --c{ls.tan·c.-e 
' . 
from the surface (°K) 
• 
(!. 
... 
' 
! :•; 
',.__.,· 
... 
. . ----~--
', 
~ 
• 
~, ,.{(/',-:'..,....LI iJ~ .;..~;.,l•'bi-~;;.#1)...: ~~~M!Z~--~ ,,~~~~:.~~~r~!i .. ~:~--~,,x~:·.'.~~.·-~1·~:-:'.~:::~i:::·'.:~~-<.:~·::,·-·,,'·'..c::.i::'.;';~;:~.~=~-·-:1~~£~~~',· .. >.~d 
,.,,:..:.. 
: .-.-n. 
.; .. : 
.. 
_..,_: ~--··:~........: 
.... 
,,, 
·~~ .... 
«; 
... 
.4'5· 
,:..;;.• 
:., . 
-'t · .~ ·,e ime in seconds 
F = constant heat flux· at x=O (cal/.cm2-sec) 
·o. 
k = thennal conductivity (cal/cm-sec-°K) 
a. = thermal diff·us.1:vity fcm2 /sec) 
The· .. so·14.t..lon t.o .the diffe·rential equation (9): .fs :given by 
T:(x,t) = 
7 
·Ta..bl.E:l II.I :gj\,,_eS·' ·t~e calculated values of temperature rise for 
# 
-.d:if·fe.re·nt :·F 'for 70:..3·0 b.ra~$ o ··The·. values are Galculated assuming .. ·. o· 
::t00% absorbtion_ of laser ra·d·i:a·t-iori. The specimen tJ1icl<ness (x) is 
assume) to be 0: •. 002: The· s·ame values ·a:t.e plotted· in Figure 66 
., 
along witll ob.·served v:alti¢s of temperature r1s.e {:or :ox-ide =coat:ed_ 
. .....__ 
·t.f3m~~rature r.1ae:. ~i.v¢s: an .est:intate ·of:- _;ref le.ct iv i ty which l~: O. 25 
A .. ·3·.· ... 
.. .... ,·. ·. ·. 
Instantaneous- dist::19_i·1>u_t-i:o:ri ·of temper_c:tt,11:re- within :a, ·s1J~¢,,l1I1e:fi_ will 
vaty ·with: 
1. Thickness of ·t:ne. sp~cime-n.:. 
"' 2. Thennal properties of the specimen·. 
3. Shape of the-e-ne-rgy pn-1-se. 
----- ·-.:.....,.._._~------'-----'-
SpEl i ch et;-1. (lG) hav_; ;~al.y~e~- the eff~-ct 'of; plllSe shape on the 
inst:alit.aneou~ tempe.ratur~ qist-ribution. w'ithtn 'the ·.spe¢1.m¢n using 
-ana.lo.g compµt~r.. ·-They ·haiie p;Lott·ed. the ~-~resul.tS .us'ing .norm~lized 
·"= ' "'•:' ;: ,":'" 
. -?t--c--,_.---.-:--... -, .. -:--,._'"""!",_,- :-_,,.~ . ., .. ,~,.-...... ,.'!!""':)·:·:·~,-.. :--\.:.~'1•· . .1""'1., .. ~p ·--.·,,: •. ~.,.:··.·.·:··;·;::·:~:=··==·='::;:·':~"·~· ...... ~:~\·,~·.;;.·~:~·::"''·~-·;·•",~:-:""·:~_ .... -·_:::·.-·_· __ ·,.~"··-·-.. • .... • .... • ... • .. ···-c· ...··-,.·,., ..• ...... ·."······'-_.·.~ ..• ... • .. ------~ 
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' 
--· --·----------------
. . . . -· ·-- .·-·,·· - ·.--. -. -· . 
----- _ .. -· - - --- ·- •._ .  ; . --
... 
1.:..:....::..;.;.:. 
,. 
·temperature and time scales. 
given by 
'They used a dimensionless parameter A 
a. t 
A= o 
.,_ 12 
I : •;: 
.. -where: 
a dif fu_s.lv.i_ty 
. .,:. 
t 0 = total duration of p:;ulse . 
.I = t.h.i.ckness of the ,$p~c-inien· 
fOr 70.: ~<> .biii1$S .specimen: o. ooq cm thick arid irrac11ated w:fth a pt1l1:1e 
The· _parani~:t~.r 
. .. . 
,. 
A:#3: .shown by Spe;Lch .. ~t ~ll._.(1S)·, ;for a trapezoidal puis.e, -a·nd: v=a1u·e 
:.o:f: parameter A = 3.60, .tlie temperature difference be.tween. t:he :fl'Q_n_t· 
.-a·n(i the back surf_ac~ ·become-a negligible within ·the t1m·.e of .Pu.l_se 
This ·d.if f ererice becomes less insignif.tca:rrt. a~t t.he:. v,alu·e of'·. 
The time requi_r·ed f.or uniforrrrity :o.f 'temperature w1thin 
' . 
tlte specimeµ_ gets shorter. Indeed, for a val'u_e. of A = 29.3, it 1.S 
qµ.ite accurate to a.ssume instantaneous uniformity of temperature wfth-
in th:e· ;~_pecimen· ... : 
.... . .. 
··~: 
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APPENDIX II 
. . 
In order to ascertain the influence of the surface oxide layer 
on the recrystallization of the laser irradiated 'Specimens, the micro-
structure through s~v:er1:1,1 croi;;s i,ections of i'ecrystal,Ilzed sample$ 
were examined. Figure :67 is a photomicrog:ri:!,ph Qf such a Cross S~¢ti0n .. 
It is evident fro111 the tnierostructure that the. g.J:"aiils are eq11iaxed 
and unifonnly distril)µi:;ed across the thie;:Jcness. Al$() :the g.rain Siz.e 
.is SlllJstan:tially $maller compared to the thickness of the· Specimen .. 
(There al'e about s· to IO gra.Jns within the thickness o:f the ·specimen.:) 
,, 
... 
• _,,_ ~ ~.-.' QII 
\ 
- • ~"··i,,;...· ..... \.,-. .',-_,,.:.-:,:--,.~--·. 
--·- ------ ____ , __ ;._...;_· .._.. ~ ..... :.~--. ·=·:··-:·. -· .. -:-=--~ -.. 
·-------·------· 
-- ··-c, .... -~ ----·-· .... -·.· .- - ·-··.~· :., . '·~ .. •·-· -
- .. ~ ..... ··c,,IP ~ 
,. :.., 
1· .• 
.,, ... 
,. 
• 
• 
·• 
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V 
·~ . . 
., 
Sample# Cu 
1 Balance 
2 Bala11ce 
3 Balance 
4 Balance 
48 
TABLE I 
. Zn: Fe 
27% :O:. Otl% 
32% 0.02_Q%) 
29% 0 .012:%: 
33% 
Sn 
0.019% 
0.085% 
:o.·Ol9% 
() .. 019% 
. -~.p 
•···-
Pb . 
o.~14% 
• 
0.012% 
0.012% 
0.008% 
• 
Ni 
0 .:.Cl2_% 
0·.0:2%. 
.. 
Mn 
0.005 
:0.005 
:o·. 00·5. 
. .. . . . 
o .ioo:5. 
Precis:lOh is estimated by ASTM at 6% (coefficient ot variation 
at 10:) :f()l' the determination of iron, nickel, tin, rnang,anese, antimony, 
arsenic in the range of concentration from 0.03 to 0.30%. The' more· 
.. ' .. 
volatile elements, zinc and lead, howeve,'r, ~il:hibit higher values 
(estimated to be ~.bout 15%). 
Sample# 
1 • 
2 
3: 
10·:·30 Brass 
·70 :30 Brass 
.70 :30 Brass 
·70:30 nrass (oxidiz~d 
and etched) 
_;j,: 
.o:· .... n .. · .-o. :._2· ·.:-H. ·. E>'o 01 · ld · 11 ··ct : _ . .10 ·c:o ::· · • . ro. · e. . 
O.'·.· .• ·.·o·· ..o.··2 ... "'· F··1 ··1 h .. · ... d .. ~ .. ·U :_. ·a.r. ·. 
·o:. oos'' 
·o·.002;;,. 
_- ' .. ·· ·-· 
-Annealed 
Full hard 
\ 
\I..., .: 
• 'c, ·,, • 
_ ... - ... - :-::.-· -~--------------·--·------,-- --------· - .... ·-. 
·---·----·-·· ·-·-· -----·· ~-·--· :---. -· -----~-----h1-----~--~-~ 
~-·----- - -··----~---- -·-·-- - - - - . - -- ' -~· 
- ··- .. ~:--·- -
: •. · .. ~ . 
··:·"'. : .. · .. : ., 
.. 
. ..... : 
J 
I 
b 
.. ...,. .. :~· 
;,.: 
,. 
Temperatur~r 
250°c 
·O 64S-· ·C 
.o .... , 6·70·· n . . . : .. :.· .... : \.;;;;,·: 
• : .,•I_ 
4·g._·· 
TABLE II 
•. 
' I 
. ,· 
·Value of n 
i-n.;Equation (18) 
1.96 
1.3 
;L.48 
1 .• 10 
1 ·so· 
. . .... . . 
2 ,·55 . . . 
--- ------- - . -.. . . . . --.-.·. -·-· .: -::·-- .· ·: ··-.-· .,·_-_. __ __, --·--····- ·-. -=----· . ...:..:.-:.,....:;-·· -· ··--~-----:..:..;_,:~.:.:-· '.~:·-·--~-·--_ .......... ~-..·-~. '-----'- ---....;.:...-..; --·-,-.,.--, .:.--:._;... ... .:.-•-; . ......, ___ _ '~· • ..... -· --~-· ~----- -·-·---
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